
 

ABSTRACT 

CALDWELL, KATE.  Characterization Of Epoxy-Hybrid Nano-Particle Resins For Ambient 
Cure VARTM Processes.  (Under the direction of Dr. Kara Peters.)

This thesis presents the mechanical characterization of fire resistant epoxy-hybrid 

resin systems suitable for ambient cure VARTM processes.    Several new epoxy-hybrid 

nano-particle resins were developed and tested for use in large scale composite structures.  

Based on the viscosity, Tg, and cure time requirements twelve of these resins systems were 

pre-selected for mechanical testing.  Neat resin castings were tested in tension to determine 

the elastic modulus, tensile strength and maximum elongation. From these results,  six of the 

resin systems were further cast in unidirectional glass fiber laminates. Transverse tension and 

short beam shear testing was performed on all laminates to determine the  mechanical 

properties of the glass/epoxy systems. Two of the epoxy-hybrid resin systems showed 

promising behaviors, having a higher transverse modulus and ultimate strength than the 

original benchmark vinyl-ester resin.  Additionally, fiber Bragg grating sensors were 

embedded in one benchmark vinyl-ester laminate and one epoxy-hybrid laminate during the 

cure cycle.  Taking advantage of both the extrinsic and intrinsic properties of these sensors, 

residual strains, temperature changes, and degree of cure of the resin were monitored.  In 

addition to having a higher modulus of elasticity and ultimate strength, these new epoxy-

hybrid nano-particle resin laminates showed minimal temperature increases during cure and 

smaller residual strains than the comparable vinyl-ester resin laminates.   

 
 

 



CHARACTERIZATION OF EPOXY-HYBRID NANO-PARTICLE RESINS FOR 
AMBIENT CURE VARTM PROCESSES  

 
 
 

by 
KATE CALDWELL

 
 

A thesis submitted to the Graduate Faculty of 
North Carolina State University 

in partial fulfillment of the 
requirements for the Degree of 

Master of Science 

 
 

MECHANICAL ENGINEERING

 
Raleigh, North Carolina 

2007 

 
 

APPROVED BY:

  

 
_________________________       _________________________ 

   Dr. Jeffrey Eischen                    Dr. Eric Klang  

 
 

________________________________ 
Dr. Kara Peters 

Chair of Advisory Committee 



 

Biography 
 

Kate Caldwell was born and raised in Raleigh, North Carolina.  She attended North 

Carolina State University and graduated Suma Cum Laude with a Bachelor of Science in 

Mechanical Engineering in 2005.  Caldwell was a cofounder of Insight Technologies, a 

startup company working on autonomous vehicle technology for the 2005 DARPA Grand 

Challenge.  She also volunteered as a mentor for a local high school FIRST robotics team for 

six years.  During graduate school she worked with the RAMP-UP (Recognizing Accelerated 

Math Potential in Under-Represented People) Program at NCSU.   

 

 ii



Table of Contents 
 
List of Figures .......................................................................................................................... iv 
List of Tables .......................................................................................................................... vii 
1 Introduction...................................................................................................................... 1 

1.1 Plan of Thesis.............................................................................................................4 
2 Background...................................................................................................................... 7 

2.1 VARTM .....................................................................................................................7 
2.2 Cure Sensing ..............................................................................................................8 
2.3 Electrical Sensors for Cure Monitoring .....................................................................9 
2.4 Fiber Optic Sensors for Cure Monitoring ................................................................12 
2.5 Extrinsic / Intrinsic Fiber Optic Cure Sensor for this Study....................................17 

3 Testing Methodology..................................................................................................... 19 
3.1 Resin Casting ...........................................................................................................19 
3.2 Laminate Lay-up......................................................................................................22 
3.3 ASTM Tests .............................................................................................................25 

3.3.1 Tensile Testing:................................................................................................25 
3.3.2 Short Beam Strength:.......................................................................................27 
Optical Fiber Sensor Testing: ......................................................................................29 

4 Results............................................................................................................................ 33 
4.1 Neat Resin Castings .................................................................................................33 

4.1.1 Tensile Data .....................................................................................................33 
Short Beam Strength Data ...........................................................................................35 

4.2 Laminate ..................................................................................................................37 
4.2.1 Tensile Data .....................................................................................................37 
4.2.2 Short Beam Strength Data ...............................................................................39 
4.2.3 Optical Sensor Results .....................................................................................40 

5 Conclusions.................................................................................................................... 49 
5.1 Resin Selections .......................................................................................................49 
5.2 Fiber Optic Cure Monitoring ...................................................................................51 
5.3 Recommendations for Future Work.........................................................................52 

Works Cited ............................................................................................................................ 54 
Appendix................................................................................................................................. 56 

Neat Resin.......................................................................................................................57 
Tensile Data .................................................................................................................57 

Laminate .........................................................................................................................72 
Tensile Data .................................................................................................................72 
Short Beam Strength Data ...........................................................................................86 

 

 iii



  

List of Figures 
 
Chapter 1 
Figure 1.1: Composite Rudder (photograph courtesy of Naval Surface Warfare Center 

Carderock Division).......................................................................................................... 1 
Figure 1.2: Nano-particles in Resin (photograph courtesy of Zellcomp). ................................ 4 
Figure 1.3: Resin development process. ................................................................................... 6
 
Chapter 2 
Figure 2.1: Schematic of VARTM process............................................................................... 8 
Figure 2.2: Experimental setup using dielectric sensors (Hegg et al, 2005.).......................... 10 
Figure 2.3: Fabry-Perot interferometer. .................................................................................. 14 
Figure 2.4: Writing of Bragg grating in an optical fiber (Wippich and Dessau, 2003). ......... 14 
Figure 2.5: Operation of FBG sensor (Fibre Optic Sensing Technology & Applications). ... 15 
Figure 2.6:  Typical measured fiber Bragg grating transmission spectrum............................ 18
 
Chapter 3 
Figure 3.1: Clean glass plate (left) and glass plate with Mylar sheet attached (right)............ 19 
Figure 3.2: Metal spacer on top of the edge of the Mylar with latex tubing gasket across 

mold. ............................................................................................................................... 20 
Figure 3.3: Top glass plate is applied and a large binder clip is used to hold the mold 

together. .......................................................................................................................... 20 
Figure 3.4: Latex tubing wrapped along edges of mold with spacers inserted and extra binder 

clips attached................................................................................................................... 21 
Figure 3.5: Layers are clamped together and glass plate with Mylar sheet is inserted under 

glass and cardboard layers. ............................................................................................. 23 
Figure 3.6: Two finished molds on the workbench with glass on top to keep particles out 

until pour......................................................................................................................... 24 
Figure 3.7: Dimensioned drawing of tensile specimen. Dimensions in inches per ASTM 

standard. .......................................................................................................................... 25 
Figure 3.8: Tensile test specimen in grips with extensometer attached.................................. 26 
Figure 3.9: Test setup for short beam strength tests. Dimensions in inches per ASTM 

standard. .......................................................................................................................... 27 
Figure 3.10: Photograph of specimen loading during short beam strength test...................... 28 
Figure 3.11: Photograph of dry fiber layup with embedded fiber Bragg grating sensors. ..... 29 
Figure 3.12:  Assembled mold with resin, Mylar, and top glass plate. Fiber optic pigtails are 

visible at the top of the photograph................................................................................. 31
 
Chapter 4 
Figure 4.1: Representative stress vs. strain curve for each resin system tested...................... 33 
Figure 4.2: Representative stress vs. strain curve for each laminate system tested................ 37 
Figure 4.3: Measured transmission spectra obtained during cure of Epoxy 20A laminate. 

Cladding peak to be examined is indicated..................................................................... 41 

 iv



Figure 4.4: Measured transmission spectra obtained during cure of Derakane 510a laminate. 
Cladding peak to be examined is indicated..................................................................... 41 

Figure 4.5: Wavelength shifts in fourth cladding peak for Derakane 510a resin. .................. 43 
Figure 4.6: Wavelength shifts in fourth cladding peak for Epoxy 20A resin. ........................ 43 
Figure 4.7: Cladding peak depths for Epoxy 20A and Derakane 510a resin as a function of 

time. ................................................................................................................................ 44 
Figure 4.8: Temperature and strain as a function of time measured for 100 hours for 

Derakane 510a unidirectional laminate. ......................................................................... 45 
Figure 4.9: Temperature and strain as a function of time measured for 4 hours for Derakane 

510a unidirectional laminate........................................................................................... 46 
Figure 4.10: Temperature and strain as a function of time measured for 100 hours for Epoxy 

20A unidirectional laminate............................................................................................ 47 
Figure 4.11: Temperature and strain as a function of time measured for 20 hours for Epoxy 

20A unidirectional laminate............................................................................................ 47 
Figure 4.12: Temperature and strain as a function of time measured for 20 hours for Epoxy 

20A and Derakane 510a unidirectional laminate............................................................ 48
 
Appendix 
Figure A.1: Stress-strain curve for each sample of Derakane 510a........................................ 57 
Figure A.2: Stress-strain curve for each sample of Derakane 8084. ...................................... 58 
Figure A.3: Stress-strain curve for each sample of Derakane 510a with post cure. ............... 59 
Figure A.4: Stress-strain curve for each sample of Epoxy 2F. ............................................... 60 
Figure A.5: Stress-strain curve for each sample of Epoxy 5F. ............................................... 61 
Figure A.6: Stress-strain curve for each sample of Epoxy 6A. .............................................. 62 
Figure A.7: Stress-strain curve for each sample of Epoxy 8A. .............................................. 63 
Figure A.8: Stress-strain curve for each sample of Epoxy 11A. ............................................ 64 
Figure A.9: Stress-strain curve for each sample of Epoxy 12AF. .......................................... 65 
Figure A.10: Stress-strain curve for each sample of Epoxy 13AF. ........................................ 66 
Figure A.11: Stress-strain curve for each sample of Epoxy 16A. .......................................... 67 
Figure A.12: Stress-strain curve for each sample of Epoxy 21B............................................ 68 
Figure A.13: Stress-strain curve for each sample of Epoxy HE1. .......................................... 69 
Figure A.14: Stress-strain curve for each sample of Epoxy LZ31. ........................................ 70 
Figure A.15: Stress-strain curve for each sample of Epoxy 20A. .......................................... 71 
Figure A.16: Stress-strain curve for each sample of unidirectional transverse laminate 

Derakane 510a. ............................................................................................................... 72 
Figure A.17: Comparison of laminate and neat resin tensile tests for Derakane 510a........... 73 
Figure A.18: Stress-strain curve for each sample of unidirectional transverse laminate 

Derakane 8084. ............................................................................................................... 74 
 Figure A.19: Comparison of laminate and neat resin tensile tests for Derakane 8084.......... 75 
Figure A.20: Stress-strain curve for each sample of unidirectional transverse laminate Epoxy 

16A.................................................................................................................................. 76 
Figure A.21: Comparison of laminate and neat resin tensile tests for Epoxy 16A................. 77 
Figure A.22: Stress-strain curve for each sample of unidirectional transverse laminate Epoxy 

21B.................................................................................................................................. 78 
Figure A.23: Comparison of laminate and neat resin tensile tests for Epoxy 21B................. 79 

 v



Figure A.24: Stress-strain curve for each sample of unidirectional transverse laminate Epoxy 
LZ31................................................................................................................................ 80 

Figure A.25: Comparison of laminate and neat resin tensile tests for Epoxy LZ31............... 81 
 Figure A.26: Stress-strain curve for each sample of unidirectional transverse laminate Epoxy 

20A.................................................................................................................................. 82 
Figure A.27: Comparison of laminate and neat resin tensile tests for Epoxy 20A................. 83 
 Figure A.28: Stress-strain curve for each sample of unidirectional transverse laminate Epoxy 

19D.................................................................................................................................. 84 
Figure A.29: Stress-strain curve for each sample of unidirectional transverse laminate Epoxy 

23A.................................................................................................................................. 85 
 

 vi



List of Tables 
 
Chapter 1 
Table 1.1: Current and Target Mechanical Properties .............................................................. 5
 
Chapter 4 
Table 4.1: Neat resin tensile data summary ............................................................................ 34 
Table 4.2: Derakane 8084 short beam strength ...................................................................... 35 
Table 4.3: Derakane 510a short beam strength....................................................................... 36 
Table 4.4: Tensile data summary for laminates ...................................................................... 38 
Table 4.5: Laminate short beam strength comparison ............................................................ 39
 
Appendix 
Table A.1: Tensile data for each sample of Derakane 510a. .................................................. 57 
Table A.2: Tensile data for each sample of Derakane 8084. .................................................. 58 
Table A.3: Tensile data for each sample of Derakane 510a with post cure............................ 59 
Table A.4: Tensile data for each sample of Epoxy 2F............................................................ 60 
Table A.5: Tensile data for each sample of Epoxy 5F............................................................ 61 
Table A.6: Tensile data for each sample of Epoxy 6A. .......................................................... 62 
Table A.7: Tensile data for each sample of Epoxy 8A. .......................................................... 63 
Table A.8: Tensile data for each sample of Epoxy 11A. ........................................................ 64 
Table A.9: Tensile data for each sample of Epoxy 12AF....................................................... 65 
Table A.10: Tensile data for each sample of Epoxy 13AF..................................................... 66 
Table A.11: Tensile data for each sample of Epoxy 16A. ...................................................... 67 
Table A.12: Tensile data for each sample of Epoxy 21B. ...................................................... 68 
Table A.13: Tensile data for each sample of Epoxy HE1....................................................... 69 
Table A.14: Tensile data for each sample of Epoxy LZ31. .................................................... 70 
Table A.15: Tensile data for each sample of Epoxy 20A. ...................................................... 71 
Table A.16: Tensile data for each sample of unidirectional transverse laminate Derakane 

510a................................................................................................................................. 72 
Table A.17: Laminate and neat resin tensile data for Derakane 510a .................................... 73 
Table A.18: Tensile data for each sample of unidirectional transverse laminate Derakane 

8084................................................................................................................................. 74 
Table A.19: Laminate and neat resin tensile data for Derakane 8084 .................................... 75 
Table A.20: Tensile data for each sample of unidirectional transverse laminate Epoxy 16A.76 
Table A.21: Laminate and neat resin tensile data for Epoxy 16A.......................................... 77 
Table A.22: Tensile data for each sample of unidirectional transverse laminate Epoxy 21B.78 
Table A.23: Laminate and neat resin tensile data for Epoxy 21B .......................................... 79 
Table A.24: Tensile data for each sample of unidirectional transverse laminate Epoxy LZ31.

......................................................................................................................................... 80 
Table A.25: Laminate and neat resin tensile data for Epoxy LZ31 ........................................ 81 
Table A.26: Tensile data for each sample of unidirectional transverse laminate Epoxy 20A.82 
Table A.27: Laminate and neat resin tensile data for Epoxy 20A.......................................... 83 
Table A.28: Tensile data for each sample of unidirectional transverse laminate Epoxy 19D.84 
Table A.29: Tensile data for each sample of unidirectional transverse laminate Epoxy 23A 85 

 vii



Table A.30: Derakane 8084 short beam strength.................................................................... 86 
Table A.31: Derakane 510a short beam strength.................................................................... 86 
Table A.32: Epoxy 16A short beam strength.......................................................................... 87 
Table A.33: Epoxy 21B short beam strength.......................................................................... 87 
Table A.34: Epoxy LZ31 short beam strength........................................................................ 88 
Table A.35: Epoxy 20A short beam strength.......................................................................... 88 
Table A.36: Epoxy 19D short beam strength.......................................................................... 89 
Table A.37: Epoxy 23A short beam strength.......................................................................... 89 
 

 viii



1 Introduction 
 
Although composites have been used on small Navy platforms since the 1940’s, they have 

not yet been used for large ship structures.  The Navy has used these relatively new materials 

on small boats, for the MHC 51 class of mine-hunters and submarine bowdomes.  (Tiron, 

2004)   Currently composites are also being used for parts of ships such as rudders, 

propellers, stairways and handrails.  The Navy’s newest rudder design, as shown in Figure 

1.1, is twisted to reduce drag from cavitation.  This complex curvature is difficult and 

expensive to make from steel, so researchers are developing a new design that utilizes a 

hybrid of traditional steel materials with new composites.  

 
 

Figure 1.1: Composite Rudder (photograph courtesy of Naval Surface Warfare Center 
Carderock Division). 

  
The current resin system used is a brominated vinyl-ester, which is fire-retardant, but 

produces heavy smoke with high amounts of carbon monoxide.  (Sorathia et al., 1999)  The 

navy has shied away from large scale composites due to the increased cost of manufacturing.  
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Not only is there a price difference in the initial raw materials, but also in training costs for 

labor and updates to production facilities.  However, this large upfront cost does save money 

in the long run by decreasing the amount of money that is spent on maintenance and repairs.  

(Tiron, 2004)  There are also safety issues related to the failure of composites during on-

board fires due to their low glass transition temperature.   

 

The Navy is beginning to design for composites because these materials result in a reduction 

of maintenance and weight.  Composite materials are stronger per unit weight and highly 

resistant to corrosion.  They can also make the ship less noisy and less detectable by radar.  

Decreasing the weight of a particular ship would decrease fuel consumption and potentially 

decrease the need for ballast to help keep it upright.  All of these advantages demonstrated by 

composite materials have motivated the Navy to attempt to develop new resin systems that 

will alleviate fire resistance concerns and allow the use of more large scale composite 

structures.   

 

In order to fabricate these structures, the Navy must determine a matrix-fiber combination 

that will give the desired mechanical properties and be suitable for long duration Vacuum 

Assisted Resin Transfer Molding (VARTM) process, as this is currently applied for ship 

structural components.  In the past, the Navy has used vinyl ester resin as the matrix material.  

One problem associated with vinyl ester systems is high-cure shrinkage.  Another drawback 

to vinyl ester resins is that they have low interfacial bond strength with carbon fiber surface.  

(Office of Naval Research, 2006)  As the Navy has started using more carbon fiber as the 

reinforcement for their composites, they are looking to find a new matrix material that will 
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more successfully bond to the fibers.  This matrix material should have  a very high glass 

transition temperature (>200 ˚F), an ambient cure temperature (75 to 95°F) and mechanical 

properties at least as good as those of the vinyl ester resins currently used.  

 

Epoxy resins traditionally adhere better than vinyl-ester resins to carbon fiber fabrics, 

translating into an increased strength and stiffness of the composite.  They also have low cure 

shrinkage and therefore would create less residual stress in the laminate during cure.  

However, epoxy resins have other problems such as their extremely high viscosity which 

makes them difficult to apply to particularly long duration VARTM processes.  Another 

problem with traditional epoxy resins is their low glass transition temperature (Tg).  The Tg 

is a measure of the temperature below which molecules have little mobility.  This property is 

especially important for naval applications because high temperatures caused by on-board 

fires could damage the ship’s structure.   

 

Zellcomp Inc. is working to develop a new epoxy resin to meet the needs of higher Tg, lower 

viscosity and longer gel time.  New proprietary resin formulations from Zellcomp Inc., 

created by adding nano-particles of different types to various resin/hardener combinations, 

have been developed as part of a Phase I STTR project sponsored by the Office of Naval 

Research.  One example method that Zellcomp uses is changing the structure of the epoxy 

resin to increase certain properties by adding nano-particles, as shown in Figure 1.2.  These 

particles have been shown to help increase materials’ fracture toughness because cracks must 

travel around them in order to move.  Using combinations of new technologies like these, 

Zellcomp’s goal is to develop an epoxy resin with all of the desired properties.   
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Figure 1.2: Nano-particles in Resin (photograph courtesy of Zellcomp). 

 

1.1 Plan of Thesis 
The primary goal of this thesis is to evaluate the mechanical properties of a series of newly 

developed resins and to demonstrate that these properties transfer to glass fiber – epoxy 

laminates.  Since carbon fibers typically demonstrate a much stronger bond with epoxy resins 

than glass fibers, the laminate testing will focus on only glass fiber – epoxy laminates.  

Through iterations of new epoxy development and continued mechanical property testing we 

can change the chemical composition to achieve a balance to maintain the required strength 

and also achieve the other required properties.  A second goal of this project is to explore 

cure sensing in some of the laminate samples.  Optical fiber sensors are relatively 

unobtrusive and can be used to detect resin cure and residual stresses in the material.  These 

sensors have the additional benefit of remaining in the material after cure and can be used 

later for structural health monitoring without risk of weakening the construction.   

 

The current properties of fire resistant vinyl ester and epoxy resins in different key areas are 

displayed in the table below.  Our goal is to achieve an epoxy resin with the target properties 

listed in Table 1.1, which include viscosity, cure cycle and Tg that is close to a traditional 

vinyl ester.   

 4



 

Table 1.1: Current and Target Mechanical Properties 

Mechanical Properties 
Fire Resistant 

Vinyl Ester 
Fire Resistant 

Epoxy 
Target 

Properties 
Viscosity, cPs @ 25C <500 >1000 <500 
Cure cycle/ property development time, 
ambient short medium short 
Tg (as-cured, thin section), C 100-120 55-70 >93 C  
Carbon fiber modulus and strength translation 
efficiency <80% >95% >95% 
Toughness good fair excellent 
Neat resin tensile elongation, % 5% 3-5% 6-10% 
Neat resin linear shrinkage, % 2-3% <2% <2% 

 

In order to ensure that the newly developed resin systems still have the necessary strength 

and to monitor the strength of the interfacial bonds, we performed a series of mechanical 

tests on both neat resin castings and laminate samples at NCSU.  These resin systems were 

pre-selected by Zellcomp based on tests of the initial liquid properties such as Tg and 

viscosity.  We cast sheets of pure resin for mechanical property testing to be performed at 

NCSU and other outside sources.  Following the American Society of Testing and Materials 

(ASTM) standards we performed tensile and short beam strength tests on the materials to 

determine their modulus of elasticity, ultimate tensile strength and short beam strength.  

Figure 1.3 displays the testing process used for the different resins.  The first three steps 

were performed by Zellcomp and the last two performed by NCSU.  Outside corporations 

tested the fracture toughness and fire resistance of the various resin systems.  We first 

characterized the properties of the vinyl ester resin with ambient cure, and then used this as a 

benchmark for the mechanical properties of the newly developed resin systems.  After the 

neat resin castings were tested and mechanically characterized, those with the best properties 
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were incorporated into a VARTM process and the resulting laminate tested mechanically 

post-cure and using optical sensors during cure to determine their properties.   

Resin Formulation

Test Liquid 
Properties

Viscosity / 
Cure /Tg ?

Casting for 
Mechanical 
Properties

Laminate 
Preparation & 

Testing

 
Figure 1.3: Resin development process. 

 
Chapter two will describe some background information about both the physical layup 

processes the Navy is targeting and the cure sensing methods we will explore. For the second 

part of the experiment we will explore using new sensors to detect the cure properties of the 

resin in the laminate.  Different types of sensors will be described and analyzed to determine 

the best sensors for this application.  Chapter three will include the procedures for creating 

neat resin castings and laminate samples, as well as descriptions of the tensile, short beam 

strength, and optical tests performed.  Chapter four will present the results of each of these 

tests, and chapter five will describe our conclusions and resin selections.   
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2 Background 
 
This chapter presents the background behind the layup process that the Navy requires, as 

well as the different types of cure sensors that are available and their advantages and 

disadvantages.   

 

2.1 VARTM 
The vacuum assisted resin transfer molding (VARTM) process involves placing dry fibers or 

fiber fabric into an open mold and then enclosing the mold with a vacuum bag.  The resin 

components are then mixed and the mixture injected through inlets and drawn through the 

mold using a vacuum pump to ensure that resin completely permeates the fabric, as shown in 

Figure 2.1 (Landes, 2002).    The VARTM process does not require heat or high pressure 

during cure so it is much less expensive to create large laminated composite parts.  Since the 

resin is drawn through the fibers or fiber fabric by vacuum instead of a traditional hand 

rolling procedure, the process is more reproducible and less dependent on the operator’s 

skills.  In order to be suitable for laminates manufactured through a VARTM process, a resin 

must have a relatively low viscosity so it will flow easily through the mold.  The resin also 

must have a relatively long working time, eight hours in the case of our project requirements, 

so that it does not begin to set until after it has been pumped throughout the entire mold 

(Song, 2003).    Since the resin is not being applied one small section at a time by hand, the 

entire batch must remain sufficiently liquid long enough to be pulled through the whole part.   
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Figure 2.1: Schematic of VARTM process. 

 
 
 

2.2 Cure Sensing 
Cure sensing applies to many different properties which can be studied as a resin cures.  

Researchers are interested in measuring factors such as change in chemical composition and 

structure, percentage of cure, temperature, and residual stresses and strains during the cure 

cycle.  Although knowledge of all of these properties is useful, the percent cure, temperature 

and residual stresses are the three properties that will be considered in this study.  These are 

three vital pieces of information because the mechanical properties of the material change as 

it cures due to the exothermic chemical reactions taking place inside the laminate.  Sensing 

cure percentage is also important in order to optimize the time required for lay-up processes.   

 

Measurable indicators of percentage of cure include change in viscosity, fluorescence 

intensity, resonance frequency, index of refraction, and the dielectric constant.  This data is 

then collected from various sensors and used to interpret the amount of time required for a 

material to reach certain percentages of cure.   
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Residual stresses occur in composites due to the differences in thermal expansions of the 

resin and matrix materials.  As the resin reacts it produces heat, then the material cools back 

to ambient temperature after the chemical reactions have finished.  Other residual stresses 

occur because of the resin shrinking as it changes from a liquid to a solid (Fernando and 

Degamber, 2006).    Engineers must also be able to monitor residual stresses in order to know 

what forms of damage the composite might have sustained during cure.  This damage can be 

in the form of matrix cracking or delamination.   

 

2.3 Electrical Sensors for Cure Monitoring 
Different types of sensors are used for measuring various parameters in different types of 

materials.  Some types of sensors that are commonly used in composite cure sensing include 

dielectric sensors, piezoelectric sensors, and fiber optic sensors.   

 

Dielectric sensors measure the change in the dielectric constant of the material.  The 

dielectric constant is the ratio of electrical conductivity of a material to that of free space.  

This process has been used by researchers such as Hegg et al. at the University of 

Washington (Hegg et al., 2005). In this research capacitance and conductance were 

measured, from which researchers extracted viscosity, temperature and degree of cure data.  

Their procedure involved a mold that was filled in a VARTM process with an aluminum 

bottom plate and a lexan upper plate as shown in Figure 2.2.   
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Figure 2.2: Experimental setup using dielectric sensors (Hegg et al, 2005.).   

 
 

Electrodes were placed on the upper plate to sense changes in the electric field, which was 

generated by a function generator.  The flow of the resin was then sensed by monitoring the 

complex gain, or ratio of the output and input voltages for each sensor in the array.  Using 

this value the capacitance and conductance were calculated, and as the material passed 

between the plates these values changed.  The capacitance and conductance also change as 

the resin sets and its viscosity increases, allowing these sensors to not only detect resin flow, 

but also the cure percentage.   

 

One advantage to dielectric sensors is that they can be made to be noninvasive.  The sensors 

can be set up on top of the top plate as was the case in this study, which also allows them to 

be reusable.  Some disadvantages include their high cost and low resistance to electrical 

noise.  This can be a problem particularly when working with composite materials that use 

carbon fibers.  The physical composition of the laminate can also change the uniformity of 
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the electric field.  Since this particular sensor setup relies on parallel plates, if the material is 

relatively thick or changes thickness then the inconsistency between voltage measurements at 

various sensors along the material makes it difficult to detect which portions of the mold 

have been filled.   

 

Piezoelectric material sensors convert mechanical energy to electrical energy which can then 

be measured through standard electrical circuitry.  Therefore, if a piezoelectric sensor is 

subjected to a constant electric field, changes in stress lead to changes in the electric 

resistance.    These sensors have been embedded into composite laminates during the cure 

cycle to measure the resonance frequency of the resin (Wang et al., 1998).    The resonance 

frequency changes as the resin cures and its viscosity and density change.  Wang et al. 

experimented with piezoelectric wafers for monitoring resin transfer molding.  They 

performed three different experiments to determine the wafer’s sensitivity to its immersed 

depth in a liquid, the viscosity of a liquid, and temperature.  In the first experiment the 

piezoelectric wafer was submerged in oil.  The results suggested that the electric output of 

the sensor was inversely proportional to the depth it was submerged in the liquid.  Therefore 

piezoelectric wafers could be used to sense when the resin flows to a certain section of the 

mold.  In the second part of the experiment the wafers were put into materials of several 

different viscosities.  These researchers found that even in liquids with very low viscosity the 

electrical output of the sensor was less than half of its dry value. As the viscosity increased 

the sensor output also became less sensitive.  The third experiment placed a sensor into a 

thermostat where the temperature was controlled at values from room temperature to 170 ˚C 

(Wang et al., 1998).  The results demonstrated that the sensitivity of the piezoelectric sensors 
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was sufficient for cure monitoring to be done at temperatures above the gel point.  One 

disadvantage to piezoelectric sensors is their low accuracy, reproducibility and sensitivity in 

materials with high modulus of elasticity because the sensors are more constrained by the 

surrounding material.   

 

2.4 Fiber Optic Sensors for Cure Monitoring 
Fiber optic sensors use very pure glass with a core diameter of approximately nine microns to 

transmit light.  These sensors can be used to measure the absorption, reflection, refraction, 

and emission of light.  From these measurements other physical parameters can be 

determined such as temperature changes, residual stresses, change in fluorescence, chemical 

composition, and index of refraction.  Some advantages of fiber optic sensors are that they 

are relatively cheap, small and therefore not intrusive, light, rugged, and not effected by 

electro-magnetic interference.  However, optical fibers are brittle so they must be handled 

carefully when inserted into the mold (Leng and Asundi, 2002).   

 

There are several different types of fiber optic sensors.  Some sensors use the change in 

fluorescence of the resin to monitor its cure properties, while others use the interference in 

light between multiple fibers or gratings in single fibers.  The three most popular types of 

fiber optic cure monitoring devices include fluorescence sensors, the Fabry-Perot 

Interferometer (FPI) and the Fiber Bragg Grating (FBG).   

 

Optical fiber sensors are traditionally classified as either extrinsic or intrinsic depending upon 

whether or not the lightwave interacts directly with the surrounding resin. Extrinsic optical 
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fiber sensors, such as fluorescence sensors, detect physical parameters by measuring the 

difference in the refractive index of the optical fiber and the surrounding material.  The 

change in the surrounding material’s refractive index is detected by the change in the 

intensity of certain wavelengths of transmitted light due to the change in coupling between 

the lightwave in the core of the optical fiber and lightwaves radiated in the surrounding 

material (Fernando and Degamber, 2006).  This intensity change indicates a change in the 

viscosity of the material, which in turn leads to the calculation of the cure percentage. For 

intrinsic fiber optic sensors, the lightwave never leaves the fiber and therefore external 

parameters are measured indirectly as strain and temperature changes to optical fiber.  With 

intrinsic sensors light does not interact with the resin.  Some examples of intrinsic fiber optic 

sensors are the Fabry-Perot Interferometer and the Fiber Bragg Grating.   

 

The Fabry-Perot Interferometer (FPI) sensor shown in Figure 2.3 uses one single-mode fiber 

and one multi-mode fiber.  The single-mode fiber only transmits the lightwave into and out 

of the cavity and therefore does not have to be in direct contact with the resin (Xiao, 2000).    

The sensor is made of a quartz capillary tube with the two optical fibers running through it.  

The ends of the tube are sealed.  The cavity length, labeled “S” in Figure 2.3 below, changes 

as strains due to thermal or mechanical changes are applied to the capillary tube.  This 

change is measured by the modulation in the reflection spectrum.  The quartz tube has a 

similar coefficient of thermal expansion to that of the optical fiber.  This eliminates concerns 

about the effect of the change in environmental temperature on the sensor’s performance 

(Leng and Asundi, 2002).    Some advantages to the FPI are its high sensitivity, small size, 

simple structure and design flexibility.  One disadvantage to this type of sensor is the very 
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small margin for error in the alignment of the two optical surfaces.  This makes it much more 

difficult to develop and run tests with this type of sensor outside of a lab environment (Xiao, 

2000).   

 

Figure 2.3: Fabry-Perot interferometer.  

 
Another optical fiber sensor commonly employed for composite monitoring is the Fiber 

Bragg Grating (FBG).  The sensor is created by writing an index of refraction grating on a 

doped single mode optical fiber as shown in Figure 2.4 (Wippich and Dessau, 2003).   

Figure 2.4: Writing of Bragg grating in an optical fiber (Wippich and Dessau, 2003). 

 

The fiber Bragg grating can be embedded in the laminate before the resin is introduced.  In a 

typical configuration, lightwaves from a tunable laser are passed through the fiber.  The 

amount of light transmitted through the fiber is measured by a photodetector at the other end.  
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Depending on the period of the grating modulation, a certain wavelength of light is reflected 

back.  The other wavelengths are allowed to pass through to the photodetector, as shown in 

Figure 2.5.  The tunable laser then scans along the desired range of wavelengths while the 

photodetector collects different intensities for each wavelength.  As the physical properties of 

the surrounding material such as temperature and strain change, they affect the period of the 

FBG and therefore the amount of light reflected or transmitted at each wavelength 

(Measures, 1992).   

Figure 2.5: Operation of FBG sensor (Fibre Optic Sensing Technology & Applications). 

 
 

Some advantages to FBG sensors include their accuracy, their sensitivity and their immunity 

to electromagnetic, radio-frequency and radiation interference.  They can be made into small, 

light rugged devices that can be easily embedded into structures to sense not only cure 

properties but strain properties when the material is in use.  FBG sensors can also easily 

operate underwater and in other harsh environments where other sensors cannot (Measures, 

1992).   
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For extrinsic fiber optic sensors, the propagating lightwave leaves the fiber partially and 

therefore interacts with the surrounding region before being backscattered into to the fiber.  

One category of extrinsic fiber optic sensors are fluorescence cure sensors which are created 

by grafting a fluorophore to a glass fiber.  Fluorescent probe molecules have been used to 

monitor many different properties of polymers including glass transition, water sorption and 

polymer reaction kinetics.  Researchers are combining fiber optic and fluorescent probe 

molecule technologies to develop new sensors (Leng and Asundi, 2002).    Fiber optic 

fluorescence methods have been used to measure the cure state of epoxies by combining 

resins with small quantities of fluorescent dye.  The motion of the fluorescent probe 

molecules in the resin becomes more and more difficult as it cures.  This produces an 

increase in the fluorescence of the material that is proportional to the increase in the viscosity 

(Levy and Schwab, 1991).     

 

Like other fiber optic sensors, fluorescence sensors have the advantages of being immune to 

electromagnetic interference and are potentially inexpensive once fully developed (Levy and 

Schwab, 1991).  One problem with fluorescence sensors is that most of the time a 

fluorophore must be dissolved into the bulk resin.  This can create problems in 

manufacturing.  It can also drastically change the resin color, which could be undesirable for 

certain products (Leng and Asundi, 2002).   
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2.5 Extrinsic / Intrinsic Fiber Optic Cure Sensor for this Study 
 

In order to measure cure properties of resins such as their cure percentage and residual 

stresses, this thesis investigates the development of a fiber optic sensor that uses both 

intrinsic and extrinsic properties.  By examining both parts of the wavelength spectrum 

output by a fiber Bragg grating and monitoring the temperature with a thermocouple or other 

independent sensor, only one fiber optic sensor is required to be embedded in the material.     

 

A typical wavelength spectrum from a fiber Bragg grating sensor is displayed in Figure 2.6.  

The peaks on the left side are due to the cladding modes which can be attributed to the index 

of refraction of the surrounding material (Prabhugoud et al., 2007).  This index change 

indicates a change in viscosity and therefore can be used to calculate the percentage of cure 

for the material at any given time.  The larger peak, or Bragg peak, on the right side indicates 

the core modes or extrinsic properties.  The Bragg peak is used to determine strain by 

examining the elongation of the fiber which causes the Bragg grating to reflect a different 

wavelength of light.   
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Figure 2.6:  Typical measured fiber Bragg grating transmission spectrum. 
 

 
In chapter 3 the layup and testing procedures will be described for all mechanical and optical 

testing performed.  The layup procedures include neat resin castings and also five layer 

unidirectional laminates.  Tests described include ASTM tensile and short beam shear tests, 

and optical tests for residual stresses and cure percentage with Fiber Bragg Gratings.   

 18



3 Testing Methodology 
 
This chapter will discuss the methods used for resin casting, laminate preparation, tensile 

testing, short beam strength testing and optical fiber sensor testing.   

3.1 Resin Casting 

Resin castings were created in order to cut specimens for tests such as tensile and short beam 

strength tests.  Following industry standards, a mold was created using 2 pieces of 0.635 cm 

thick glass that was 30 cm by 30 cm.  Fourteen thousandths inch thick Mylar was then cut 

and attached to the insides of the glass plates using a light layer of 3M Super 77 spray 

adhesive as shown in Figure 3.1.  Using this Mylar layer inside the mold allows easy release 

of the resin casting without the need for special release agents or coatings.   

 
Figure 3.1: Clean glass plate (left) and glass plate with Mylar sheet attached (right). 

 
The Mylar surface was then cleaned with acetone and the latex tubing gasket was laid onto 

the bottom plate of the mold.  0.635 cm outer diameter latex tubing was stretched across the 

 19



bottom edge of the mold just inside a 0.3175 cm thick aluminum spacer, as shown in Figure 

3.2.   

 
Figure 3.2: Metal spacer on top of the edge of the Mylar with latex tubing gasket across 
mold. 

 
The top plate of the mold was then placed on top of the bottom plate and large binder clips 

were attached to the outsides of the bottom edge of the mold to hold the two sides together 

with 0.3175 cm spacing.   

 
Figure 3.3: Top glass plate is applied and a large binder clip is used to hold the mold 
together. 
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The latex tubing was then wrapped up along the sides of the mold in between the two sheets 

of Mylar.  Spacers and binder clips were inserted along these sides in the same manner as 

those attached on the bottom edge to create a mold that looks like Figure 3.4.  For 0.635 cm 

thick castings the 0.3175 cm spacers were replaced by 0.635 cm spacers and the latex tubing 

was changed to 0.9525 cm outer diameter.   

 

 

 

 

 

 

 

 

 

 

Figure 3.4: Latex tubing wrapped along edges of mold with spacers inserted and extra binder 
clips attached. 

 

Once the mold was secured on three sides with binder clips to ensure a good seal and a 

uniform thickness, it was placed in a rack standing on end so that the resin could be easily 

poured in between the two pieces of Mylar on the inside of the mold.   
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The resin was mixed in one liter plastic beakers.  The parts of the resin were measured by 

weight on a digital scale, and then mixed together by hand for one minute.  After mixing the 

resins were vacuum pumped with five to ten drops of antifoam agent until the majority of the 

bubbles had been removed.  The resin was then poured into the mold, labeled, and allowed to 

cure at room temperature for twenty-four hours before being released from the mold.  After 

the resin was removed from the mold it was set aside on a flat surface to continue its cure in 

an ambient temperature for an additional six days.  Only after the resin had cured for at least 

seven days were the test specimens machined.   

3.2  Laminate Lay-up 

In order to construct laminates for additional testing, a process was developed to create a 

unidirectional laminate with fiber volume fraction of 0.5. Two glass plates were prepared 

with spray adhesive and a layer of Mylar sheet just as the plates were for the resin castings.  

A large strip of clean paper was rolled out onto the floor to ensure that the unidirectional 

glass fiber fabric did not pick up any dirt from the floor during rolling. The unidirectional 

glass fiber fabric (Fiberglass Industries, SF155) was then rolled around a 12” wide strip of 

cardboard until there were five layers.  A clamp was then attached to the end of this bundle to 

hold the layers in place as shown in Figure 3.5.   
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Figure 3.5: Layers are clamped together and glass plate with Mylar sheet is inserted under 
glass and cardboard layers.   

 
The glass plates with the Mylar attached were then slid into position under the glass 

reinforcement fibers.  Another clamp was installed loosely against the edge of the glass plate.  

The cardboard was slid out of the center of the roll towards the opposite end from the clamps.  

The clamps were now tightened and more clamps were installed on a second glass plate to 

make a second laminate casting.  The completed assembly is shown in Figure 3.6. 
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Figure 3.6: Two finished molds on the workbench with glass on top to keep particles out 
until pour.   

 

The molds were then transferred onto the workbench on top of a plastic drop cloth to catch 

any excess resin.  The resin was mixed and vacuum pumped prior to its application.  After 

most of the air bubbles were eliminated, the resin was poured onto the mold of fabric 

material liberally.  The top piece of Mylar was applied with a roller to ensure resin 

movement through the fibers and to remove any bubbles from the top of the laminate.  A 

glass plate was then placed on top of the Mylar and an 11.5 kg weight was added to the top to 

hold the mold together during the cure process.  Any excess resin was allowed to squeeze out 

of the sides of the mold.  The mold was stored flat on the workbench for the first twenty-four 

hours.  After the laminate cured at least twenty-four hours it was removed from the mold and 

laid flat on the workbench for the remainder of the cure cycle.  Once the laminate was fully 

cured it was cut into tensile, short beam strength, and DMA specimens using a CNC mill.   
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3.3 ASTM Tests 

3.3.1 Tensile Testing: 

To determine the ultimate tensile strength and modulus of elasticity of each pure system, 

tensile tests were performed according to testing standard D 638.  At least ten samples were 

tested for each resin type.  Neat resin castings of 0.3175 cm thickness were cut into tensile 

specimens of the dimensions shown in Figure 3.7.   

 
Figure 3.7: Dimensioned drawing of tensile specimen. Dimensions in inches per ASTM 
standard. 

 
The samples were tested in an Instron 4400R machine, using an Instron extensometer as 

pictured in Figure 3.8.  As specified in the ASTM standard, the testing rate was 0.2 inches 

per minute.   
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Figure 3.8: Tensile test specimen in grips with extensometer attached. 

The applied load and extensometer displacement were acquired via a System 5000 analog to 

digital converter and strain gage software at a rate of two samples per second. This data was 

then analyzed to determine stress-strain curves for each sample of each material.   

 

The curves for all samples of the same resin were compared, and outliers were omitted from 

average material properties.  The linear region of the obtained stress-strain curve was used to 

determine the modulus of elasticity.  In order to avoid potential damage to the extensometer 

due to the shock of the material failure, it was removed before the specimen broke.  

Therefore maximum percent elongation data was based off of the crosshead movement, not 

the extensometer reading.  Therefore, the percent elongation data is only valid for 

comparison with other materials tested the same way and is not an accurate measurement of 

the actual material property.   
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Transverse tensile tests were also performed on each laminate specimen under the same 

loading conditions as previously described.  The tensile specimens were therefore cut such 

that the applied load axis was orthogonal to the fiber direction and were of the same 

dimension as the pure resin tensile specimens.     

 

3.3.2 Short Beam Strength:  

The short-beam strength test was performed based on the ASTM standard D2344.  Because 

the material failure can take place by many different modes the short-beam strength cannot 

be directly related to any one material property (ASTM D2344), but is instead used to 

compare the performance of different laminate systems to one another.  After preparing the 

0.3175 cm thick neat resin casting, the short beam specimens are cut to the dimensions 

specified in the ASTM standard (1.9 cm length and 0.635 cm width).  A test setup was 

machined based on the standard requirements as shown in Figure 3.9.   

 
 

 
 

Figure 3.9: Test setup for short beam strength tests. Dimensions in inches per ASTM 
standard. 
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The sample was placed in the testing apparatus and the specimen loaded in compression.  

Due to lab availability some of these tests were performed on a Universal Testing Machine 

with a 5 kip load cell while some were performed on the Instron machine with a 20 kip load 

cell.   

 
Figure 3.10: Photograph of specimen loading during short beam strength test. 

 
All samples were loaded at a crosshead speed of 0.05 inches per minute.  The specimen was 

loaded according to the ASTM standard until one of three conditions occurred:  (1) a load 

drop-off of 30%; (2) breakage of the specimen into two pieces; or (3) crosshead travel 

exceeding the specimen thickness.  Since the failure mode for all samples tested was through 

breakage of the specimen, the maximum load data was recorded by hand after failure.  The 

short beam strength was calculated as   

hb
P

F msbs

×
×= 75.0  

Equation 3.1: Short beam strength 

 
where Pm is the maximum load observed during the test, b is the specimen width, and h is the 

specimen thickness.   
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Optical Fiber Sensor Testing: 
 
In addition to characterizing the materials’ mechanical properties after cure, Fiber Bragg 

Grating (FBG) sensors were used to sense degree of cure and residual stresses during the 

cure cycle.  These sensors take advantage of both the intrinsic and extrinsic properties of the 

fiber Bragg gratings.  Two Bragg grating sensors were used for each laminate.  One sensor 

was run through a piece of tubing which isolated it from the strain in the resin for 

temperature measurements (see Figure 3.11).  The second Bragg grating sensor was 

chemically stripped of its protective acrylate coating to allow direct contact with the resin 

and then laid in the center of the 15 cm by 15 cm laminate running parallel to the direction of 

the unidirectional glass fibers.   

 
Figure 3.11: Photograph of dry fiber layup with embedded fiber Bragg grating sensors. 
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The sensors were placed in the middle of the five layer laminate, with three layers below 

them.  Then the top two layers were folded over on top of the Bragg gratings to complete the 

five layer laminate.       

   
The two FBG sensors were spliced together in series and connector pigtails were spliced to 

the ends.  The pigtail on one end of the sensor system was connected to the tunable laser 

(Tunics Plus) and the other end was connected to a photodetector.  The photodetector was 

connected to a data acquisition system on the computer.  A Labview program was used to 

vary the wavelength of the laser at a step size of 0.01 nm and to collect data on the intensity 

of the transmitted light at each wavelength.  This data was then graphed to find both the 

Bragg peak and cladding peaks.  A benchmark scan of the FBG sensors in the system without 

resin was taken, and then the resin was mixed and poured.  After the mold was saturated with 

resin the top glass plate and Mylar were applied.   
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Figure 3.12:  Assembled mold with resin, Mylar, and top glass plate. Fiber optic pigtails are 

visible at the top of the photograph. 

 
The time intervals for data collection were slightly different for each resin tested based on the 

viscosity data for that resin previously collected at Zellcomp.  For the resins that cure very 

rapidly the data collection was run regularly, at five minute intervals for the first three hours, 

then at thirty minute intervals for the next three hours, hourly intervals for the next six hours, 

and then daily for three days.  For slower resin systems the data collection was done at 

twenty minute intervals for the first four hours, then forty minute intervals for the next six 

hours.  After this initial ten hour period the data was collected only once every twelve hours 

for three days.   
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The data was analyzed to find the shifts in Bragg peak and the cladding peaks in order to 

determine the change in the effective index for the fiber.  The centroid method was applied to 

find the central wavelength of each peak at each scan.  The Bragg wavelength shift, ΔλB, for 

each sensor was related to the applied temperature and strain through the equation, 

( ) ( )B Tλ α ε βΔ = + Δ  

Equation 3.2: Strain and temperature changes with Bragg wavelength shift 

 

where λB is the original Bragg wavelength of the unloaded fiber Bragg grating, and the 

sensitivity coefficients α= 0.78 and β= 6.67x10-6 / °C (Measures, 1992). Using the second 

Bragg grating sensor as an independent measurement of temperature the Bragg wavelength 

shifts due to strain and temperature could be separated. The analysis of the cladding mode 

peaks was more qualitative and will be discussed in the next chapter. 
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4 Results 

4.1  Neat Resin Castings 

4.1.1 Tensile Data 
 
Tensile tests were performed on neat resin samples of each resin system.  Two ambient cure 

benchmark vinyl-ester resins were tested (Derakane 510a, Derakane 8084) along with one 

benchmark (Derakane 510a post-cure) which had been post-cured (at 121 C for 2 hours) in 

order to compare this data with the manufacturer’s specifications.  Twelve new epoxy resin 

systems were also tested, and one representative cure from each resin is shown in .  Stress 

strain curves for each sample for all materials are plotted in the appendix.   

Representative Stress vs. Strain
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Figure 4.1: Representative stress vs. strain curve for each resin system tested. 
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For comparison, the calculated average modulus of elasticity, ultimate tensile strength, and 

maximum elongation along with the standard deviations for each neat resin are provided in 

Table 4.1.  From this data we can see that the modulus ranged from 2.4 GPa to 4.17 GPa, 

with Epoxy LZ31 having the highest modulus.  The ultimate strength of the epoxy resins was 

considerably higher than that of the ambient cure benchmark resins.  The two benchmark 

resins had modulii near 50 MPa while the epoxy resins had moduli in the 55 to 71 MPa range 

with the exception of Epoxy LZ31.  The Epoxy with the highest ultimate strength was Epoxy 

6A.  The maximum elongation data is not entirely accurate because it was calculated from 

crosshead displacement, not extensometer values; however, the approximation given is valid 

for comparison within this project.  The average percent elongation was the most variable 

data, with a very high standard deviation.  The values ranged from 5 to almost 19%, with one 

of the benchmarks coming in on the low end of the spectrum and the other on the high.   

Table 4.1: Neat resin tensile data summary 

Resin Hardener 
Modulus of 
Elasticity 

Ultimate 
Strength 

Maximum 
Elongation 

    
Avg. 
(GPa) 

Std. 
Dev. 

Avg.  
(MPa) 

Std. 
Dev 

Avg. (% 
elong.) 

Std. 
Dev.  

Derakane 510a CoNap+MEKP+DMA 2.91 0.09 50.48 2.72 6.08 0.56
Derakane 8084 CoNap+MEKP 2.39 0.08 50.22 1.86 18.55 4.11
Derakane 510a 
post-cure CoNap+MEKP+DMA 3.46 0.18 93.71 6.09 11.33 2.14
Epoxy 6A Epotuf 37-601 3.35 0.23 71.57 1.68 9.87 1.31
Epoxy 8A Epotuf 37-601 2.85 0.18 58.77 0.85 16.29 3.14
Epoxy 11A Epotuf 37-601 2.90 0.13 55.63 0.70 17.14 5.91
Epoxy 2F Epotuf 37-601 2.73 0.16 59.86 0.57 17.47 4.85
Epoxy 5F Epotuf 37-601 3.11 0.14 67.42 4.31 9.80 3.30
Epoxy 12AF Epotuf 37-601 2.64 0.10 57.40 0.61 15.57 3.70
Epoxy 13AF Epotuf 37-601 2.69 0.27 61.52 0.82 13.38 2.60
Epoxy 16A HH2 3.43 0.20 68.99 2.78 7.72 1.02
Epoxy 21B HH1 3.20 0.11 61.60 2.10 7.64 0.63
Epoxy HE1 HH1 3.48 0.35 62.33 4.60 10.22 1.58
Epoxy LZ31 HH2 4.17 0.16 44.93 2.34 5.10 0.63
Epoxy 20A 10B 3.44 0.28 69.23 5.85 11.02 2.13
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Short Beam Strength Data 
 
Initially, short beam shear tests were also performed on the pure resin castings for the two 

benchmark vinyl-ester systems. The results are presented in Table 4.2 and 4.3. However, 

after performing these two tests on the benchmark neat resin specimens it was apparent that 

the specimens were failing due to bending.  According to ASTM standard D 2344 is 

primarily associated with interlaminar failure due to shear stresses.  Therefore, we 

determined that this test was not effective for the neat resin specimens and instead to only 

test the short beam strength of the laminate samples.   

Table 4.2: Derakane 8084 short beam strength 

  Short Beam Strength (MPa) 
Sample 1 6.33
Sample 2 6.33
Sample 3 5.93
Sample 4 6.73
Sample 5 6.60
Sample 6 5.93
Sample 7 5.66
Sample 8 5.93
Sample 9 5.93
Sample 10 6.46
    
Average 6.18
Standard Dev. 0.36
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Table 4.3: Derakane 510a short beam strength 

  Short Beam Strength (MPa) 
Sample 1 4.85
Sample 2 4.71
Sample 3 5.52
Sample 4 5.25
Sample 5 4.71
Sample 6 5.66
Sample 7 4.85
Sample 8 4.44
Sample 9 5.25
Sample 10 4.85
    
Average 5.01
Standard Dev. 0.39
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4.2  Laminate  
Tensile tests were performed on transverse unidirectional laminate samples of each resin 

system.  Two ambient cure benchmark resins and six epoxy resin systems were tested.  One 

representative curve from each resin is shown in Figure 4.2.  Stress strain curves for each 

sample of each material are plotted in the appendix.  Graphs are also included to compare the 

tensile data from the neat resin sample to that of the laminate for each material.   

 

4.2.1 Tensile Data 
 
Comparison of all laminate tensile data 
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Figure 4.2: Representative stress vs. strain curve for each laminate system tested. 
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The average tensile properties and standard deviations calculated from the experimental 

results are listed in Table 4.4.  The average modulus of all of the epoxy resins was higher 

than that of the benchmark, 6 GPa.  The laminate with the highest modulus was Epoxy 21B 

with a modulus of 7.9 GPa.  The ultimate strength of the laminates averaged between 24 and 

38 MPa.  The laminate with the highest ultimate strength was Epoxy 20A.  The maximum 

elongations were much more consistent than those of the neat resin castings.  All of the 

epoxy laminates tested had a higher percent elongation than the benchmark Derakane 510a 

but lower than the second benchmark, Derakane 8084.   

 

Table 4.4: Tensile data summary for laminates 

Resin Modulus of Elasticity Ultimate Strength Maximum Elongation 

  
Average 

(GPa) 
Standard 
Deviation 

Average 
(MPa) 

Standard 
Deviation 

Average (% 
elongation) 

Standard 
Deviation 

Derakane 
510a 6.06 0.60 26.08 2.57 2.22 0.17
Derakane 
8084 4.71 0.72 35.98 3.02 3.30 0.27
Epoxy 16A 7.58 1.14 37.51 2.29 2.61 0.14
Epoxy 21B 7.92 0.51 33.41 3.08 2.50 0.18
Epoxy LZ31 6.74 0.87 35.01 3.31 2.44 0.22
Epoxy 20A 7.43 1.07 37.97 2.90 2.69 0.19
Epoxy 19D 6.79 0.45 30.35 7.41 2.56 0.25
Epoxy 23A 7.15 0.35 24.29 5.17 2.10 0.30
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4.2.2 Short Beam Strength Data 
The short beam strength was performed for the same eight laminates that were examined for 

tensile properties.  The short beam strength results, shown in Table 4.5, does not directly 

indicate any specific property because of the complex combination of failure modes in this 

test setup.  The benchmark Derakane 8084 had the highest short beam strength at 5 MPa, 

while the other benchmark, Derakane 510a, had the lowest short beam strength at 2.19 MPa.  

All of the epoxy resins averaged between 2.8 and 4.2 MPa.  Due to equipment availability 

the first four resin systems listed were tested on a Universal testing machine with a 5 kip load 

cell, while the last four were tested on an Instron machine with a 20 kip load cell.   

 

Table 4.5: Laminate short beam strength comparison 

Material Short Beam Strength 
  Average (MPa) Standard Deviation 
Derakane 8084 5.06 0.43
Derakane 510a 2.19 0.31
Epoxy 16a 3.49 0.52
Epoxy 21b 3.28 0.44
Epoxy LZ31 4.22 0.27
Epoxy 20A 4.05 0.39
Epoxy 19D 3.18 0.55
Epoxy 23A 2.77 0.39
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4.2.3 Optical Sensor Results 
 

Two resins were selected for comparison of cure process using optical fiber sensors, one 

epoxy resin, and a benchmark vinyl ester resin.  The measured transmission coefficient is 

plotted in Figures 4.3 and 4.4 as a function of the wavelength for the pair of sensors 

embedded in the Epoxy 20A and Derakane 510A laminates respectively.  The spectra taken 

initially (before resin was introduced) and at set intervals after the resin is poured into the 

laminate are plotted for each case.  The smaller peaks at lower wavelengths in the figures are 

associated with the cladding modes of the strain sensor, while the two larger peaks are the 

Bragg peaks of each of the two sensors.  The cladding modes for the temperature 

compensation sensor are not visible because the sensor was surrounded by an optically 

impermeable material (rubber), therefore the cladding modes were not present. The cladding 

peak that was more closely examined later in figures 4.5, 4.6 and 4.7 are indicated on each of 

these transmission spectrum graphs.  The Derakane 510a results, plotted in Figure 4.4, show 

much more movement of both the Bragg peaks and the cladding peaks.   
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Figure 4.3: Measured transmission spectra obtained during cure of Epoxy 20A laminate. 
Cladding peak to be examined is indicated.   

 
 

 
Figure 4.4: Measured transmission spectra obtained during cure of Derakane 510a laminate. 
Cladding peak to be examined is indicated.   
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The wavelength shifts seen in the Bragg peaks due to temperature and strain are also 

apparent in the cladding peaks, as shown in Figure 4.5.  The cladding peaks also show a 

difference in the peak depth at different times, which corresponds to a change in index of 

refraction of the surrounding resin material.  Larger peak shifts as well as peak depth changes 

are apparent in the Derakane 510a resin (Figure 4.5) than the Epoxy 20A resin (Figure 4.6).   

 

 

 42



Derakane 510a Cladding Peak Transmission Coefficient

0.8500

0.9000

0.9500

1.0000

1.0500

1536.50 1536.55 1536.60 1536.65 1536.70 1536.75 1536.80 1536.85 1536.90 1536.95

Wavelength (nm)

Tr
an

sm
is

si
on

 C
oe

ffi
ci

en
t

initial
10 min
35 min
65 min
3 hours
5 hours
7 hours
22 hours

 
Figure 4.5: Wavelength shifts in fourth cladding peak for Derakane 510a resin. 
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Figure 4.6: Wavelength shifts in fourth cladding peak for Epoxy 20A resin.  
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The depth of the circled cladding peak from Figures 4.3 and 4.4 are also plotted against time 

in Figure 4.7.  These changes correspond to the index of refraction of the resin surrounding 

the Bragg Grating sensor.  The Derakane 510a sensor peak depth initially dropped off after 

the introduction of the resin, and then rose back up over the first two hours before beginning 

to gradually decrease.  The Epoxy sensor peak depth increased immediately after the resin 

was introduced and then decreased slightly over four hours until reaching a steady state.  

Qualitatively, these peak depth behaviors indicate the degree of cure of the surrounding resin 

system. The two different cure processes are confirmed by with the strain and temperature 

data presented in the following paragraphs. 
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Figure 4.7: Cladding peak depths for Epoxy 20A and Derakane 510a resin as a function of 
time.   
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The temperature and residual strain in the laminate was calculated from the Bragg shifts of 

each sensor via equation (Equation 3.2) and is plotted as a function of time.  In Figure 4.9 the 

first four hours of cure are more closely examined since this is the time period where most of 

the changes occurred for the Derakane 510a.   

Derakane 510a Temperature and Strain Response

-30

-20

-10

0

10

20

30

0 20 40 60 80 100 120

Time (hours)

Te
m

pe
ra

tu
re

 a
bo

ve
 

am
bi

en
t (

C
)

-150

-100

-50

0

50

100

150

St
ra

in
 (m

ic
ro

st
ra

in
)

Temperature Strain
 

Figure 4.8: Temperature and strain as a function of time measured for 100 hours for 
Derakane 510a unidirectional laminate. 
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Derakane 510a Temperature and Strain Response (first 4 hours)
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Figure 4.9: Temperature and strain as a function of time measured for 4 hours for Derakane 
510a unidirectional laminate. 
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Epoxy 20A Temperature and Strain Response
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Figure 4.10: Temperature and strain as a function of time measured for 100 hours for Epoxy 
20A unidirectional laminate. 

Due to the different scales, the temperature and strain values appear to be varying 

significantly, the temperature shift is only about 5 °C above or below ambient at its 

maximum value for the Epoxy 20A laminate.    

Epoxy 20A Temperature and Strain Response (first 20 hours)
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Figure 4.11: Temperature and strain as a function of time measured for 20 hours for Epoxy 
20A unidirectional laminate. 
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The temperature and residual strains of both the Derakane 510a and Epoxy 20A laminates are 

shown together in Figure 4.12 for comparison.  The Epoxy demonstrated a longer cure time 

as well as much smaller strains and temperature changes than the Derakane 510a laminate.   

 

Comparison of Derakane 501a and Epoxy 20A Temperature and Strain Response
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Figure 4.12: Temperature and strain as a function of time measured for 20 hours for Epoxy 
20A and Derakane 510a unidirectional laminate. 
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5 Conclusions 

5.1 Resin Selections 
 
Although the data collected in this experiment was only indicative of two required 

parameters, we can make some conclusions about which resins should be further explored in 

Phase II of this STTR project for application to ambient cure VARTM processes.  The resins 

selected for tensile testing were pre-screened through Zellcomp, Inc. based on viscosity, cure 

time and Tg requirements.  In the neat resin screening portion of the process we performed 

tensile tests on two benchmark resins along with twelve new epoxy systems.  We also tested 

the benchmark resin with a 250 ºF post-cure treatment in order to verify our tensile testing 

results with those provided by the manufacturer.  The mechanical property results obtained at 

NCSU for Derakane 510a were a modulus of elasticity of 3.5 GPa and a tensile strength of 

93.7 MPa, compared to the manufacturer’s reported 3.4 GPa and 86 MPa.  The similarity of 

these values confirmed our neat resin casting, machining and tensile testing procedures 

produced meaningful results.  

 

The benchmark vinyl-ester resin systems were then cast and cured at ambient temperature 

without any post cure, just as for the epoxy and epoxy-hybrid resins to be tested.  This 

provided a more accurate comparison between the two material systems, following similar 

cure conditions.  The Derakane 510a modulus of elasticity obtained was 2.9 GPa while the 

Derakane 8084 modulus was 2.4 GPa.  Therefore, the minimum value of modulus of 

elasticity desired was 2.9 GPa.  Eight of the epoxy neat resin samples met or exceeded this 

modulus.  We then examined the ultimate tensile strength of each material system.  The two 

benchmarks vinyl-ester resins had an ultimate strength of approximately 50 MPa.  All of the 
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epoxy resins met or exceeded this requirement except one.  We also examined the maximum 

elongation of each resin system, although the numbers cannot be compared to reported 

manufacturer’s specifications because they are based on crosshead movement instead of 

extensometer readings.  All of the resins failed at elongation values of 5 to 19%.  The desired 

range was 6 to 10% therefore resins that were closest to these parameters were selected for 

further testing in unidirectional glass fiber laminates.  Due to time and material constraints, 

two other resins were also tested in the laminates that had not been previously evaluated in 

pure resin castings.  These resins were derivatives of previous resin systems with minor 

changes.   

 

The same evaluation criteria were used for evaluation of the laminate properties.  The 

average ultimate transverse strength of the glass - was 25 MPa.  All of the epoxy resin system 

laminates tested had a greater ultimate strength than the Derakane 510a laminate except for 

the laminate with Epoxy 23A.  The average modulus of elasticity for the Derakane 510a 

laminate was 6 GPa.  All epoxy laminates tested demonstrated a higher modulus of elasticity 

than the benchmark vinyl-ester system.  The maximum elongation of all resins was also 

within 0.5% of the vinyl-ester system.  Therefore five of the six epoxy resins meet the 

minimum requirements through their tensile properties.   

 

We also performed short beam strength testing on the eight laminate resins fabricated.  The 

two benchmark laminates (Derakane 510a and Derakane 8084) averaged short beam 

strengths of 2.2 and 5 MPa respectively.  All of the epoxy laminates had short beam strengths 
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between 2.8 and 4.2 MPa.  The two epoxy resins with strengths above 4 MPa were Epoxy 

LZ31 and Epoxy 20A.   

 

5.2 Fiber Optic Cure Monitoring 
 
From the fiber-optic sensor data collected, the Derakane 510a system demonstrated a highly 

exothermic reaction, heating to 20 ºC above ambient temperature within 30 minutes of 

mixing.  It then slowly increased to 24 ºC above ambient before a slow decline during hours 

2 through 7.  The strain in this laminate followed a similar trend, while the strain was the 

greatest in compression when the temperature was the highest.  The initial strain values (at 10 

and 35 minutes) were in tension due to the application of the Mylar sheet and glass plate on 

top of the mold.  After 12 hours there appear to be large temperature and strain changes, 

however these are most probably due to large ambient temperature changes.   

 

For the epoxy 20A system, the reaction was much slower and did not produce any rapid 

variations in internal temperature.  The largest temperature difference was about 5 ºC, and 

which could be attributed to room temperature changes.  Confirming the relatively small 

temperature change were similarly small residual strains.  Residual strains in the epoxy 

laminate were minimal, reaching a maximum of 40 microstrain, as compared to the 130 

microstrain seen in the vinyl-ester resin.   

 

In order to more closely inspect the cladding mode peaks, one particular peak was selected 

for further analysis.  The peak wavelength shifts for Derakane 510a can be attributed to the 

temperature and strain that caused these shifts in the two Bragg peaks as well.  The 
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differences in the depth of this cladding peak, however, can be tied to the change in the index 

of refraction of the surrounding resin system, indicating the state of cure.  Initially the 

Derakane 510a cladding peak still transmitted approximately 92% of the light.  Once the 

resin was added this transmission dropped to around 88% and then by the end of the first 

hour after mixing it has risen back to 91.5%.  This initial drop that signifies the arrival of the 

resin could be used to monitor the flow of the resin through the mold.  The depth of the 

cladding peak for the epoxy laminate was more stable, indicating less change in the index of 

refraction during cure.  The initial change in cladding peak depth with the introduction of the 

resin is still distinct, although the peaks get shallower with the epoxy resin as opposed to 

deeper with the vinyl ester.   

 

5.3 Recommendations for Future Work 
 
Based on the results of the tensile and short beam strength testing I would recommend further 

development and large scale testing on Epoxy 16A and Epoxy 20A.  Laminate samples made 

with these two epoxy systems had the highest modulus of elasticity and ultimate strength.  

They also had two of the three highest short beam strengths.  These epoxy resins are very 

promising because they bond well to glass fibers, have better mechanical properties than the 

vinyl ester resins, and have much lower temperature and strain buildup in the laminate during 

cure.  Additionally, their viscosity was sufficiently low for a long period of time, permitting 

use in ambient cure, long duration VARTM processes. 

 

In this project, fiber Bragg gratings sensors showed potential to independently measure 

different cure properties of a laminate system.  In future work, these fiber optic sensors could 
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be placed at various locations within a larger laminate sample to measure residual stresses in 

different parts of the mold and in different orientations.  More work could also be done using 

independent measurements to develop a correlation between the change in the cladding peak 

depth and the exact index of refraction of the surrounding material.  This would lead to more 

quantitative measurements of the amount of time the a material requires to complete the cure 

process.  Applying these calibrations to a network of sensors in various places in the laminate 

could also give data about the speed of cure at different locations as well as the initial flow of 

the resin through the mold in the VARTM process.  Finally, for future cure sensing a more 

accurately temperature controlled room would eliminate some of the variability from ambient 

temperature changes.   
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Neat Resin 
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Figure A.1: Stress-strain curve for each sample of Derakane 510a.   

 

Table A.1: Tensile data for each sample of Derakane 510a.   

  Modulus Of Elasticity Ultimate Stress Maximum Strain 
  (GPa) (MPa) (% elongation)
Sample 1 2.83 53.33 7.00
Sample 3 2.90 49.29 5.83
Sample 4 2.99 53.73 6.50
Sample 5 2.95 48.48 5.83
Sample 6 3.01 45.92 5.33
Sample 7 2.74 52.52 6.50
Sample 8 2.84 53.74 6.67
Sample 9 2.96 48.75 5.33
Sample 10 3.02 50.50 5.83
Sample 11 2.91 48.48 6.00
      
Mean 2.91 50.48 6.08
Std. Dev. 0.09 2.72 0.56
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Derakane 8084 
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Figure A.2: Stress-strain curve for each sample of Derakane 8084.   

 

Table A.2: Tensile data for each sample of Derakane 8084.   

  Modulus Of Elasticity Ultimate Stress Maximum Strain 
  (GPa) (MPa) (% elongation) 
Sample 1 2.31 48.88 23.17 
Sample 2 2.48 51.85 17.00 
Sample 4 2.48 51.31 24.83 
Sample 5 2.35 50.90 14.33 
Sample 6 2.42 46.19 20.50 
Sample 7 2.39 49.56 17.17 
Sample 8 2.43 50.37 23.33 
Sample 9 2.26 49.83 17.00 
Sample 10 2.43 53.06 13.67 
Sample 11 2.32 50.23 14.50 
      
Mean 2.39 50.22 18.55 
Std. Dev. 0.08 1.86 4.11 
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 Derakane 510a with post cure heat treatment 
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Figure A.3: Stress-strain curve for each sample of Derakane 510a with post cure.   

 

Table A.3: Tensile data for each sample of Derakane 510a with post cure.   

  Modulus Of Elasticity Ultimate Stress Maximum Strain 
  (GPa) (MPa) (% elongation) 
Sample 1 3.99 94.95 11.67 
Sample 2 3.52 95.76 12.67 
Sample 3 3.37 97.78 12.67 
Sample 4 3.49 95.62 12.83 
Sample 5 3.31 81.75 7.67 
Sample 6 3.46 97.51 13.33 
Sample 7 3.51 97.51 10.50 
Sample 8 3.37 80.27 7.17 
Sample 9 3.51 98.18 10.33 
Sample 10 3.37 95.22 13.67 
Sample 11 3.33 96.29 12.83 
Sample 12 3.36 93.74 10.67 
      
Mean 3.46 93.71 11.33 
Std. Dev. 0.18 6.09 2.14 
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 Epoxy 2F 
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Figure A.4: Stress-strain curve for each sample of Epoxy 2F.   

 

Table A.4: Tensile data for each sample of Epoxy 2F.   

  Modulus Of Elasticity Ultimate Stress Maximum Strain 
  (GPa) (MPa) (% elongation)
Sample 1 2.46 60.60 16.50
Sample 2 2.68 59.79 13.00
Sample 3 2.78 60.20 21.67
Sample 4 2.74 59.66 14.83
Sample 5 2.85 58.72 13.33
Sample 6 2.91 59.52 23.33
Sample 7 2.93 60.60 15.00
Sample 8 2.82 60.20 15.67
Sample 9 2.68 59.79 27.17
Sample 10 2.48 59.52 14.17
      
Mean 2.73 59.86 17.47
Std. Dev. 0.16 0.57 4.85
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 Epoxy 5F 
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Figure A.5: Stress-strain curve for each sample of Epoxy 5F.   

 

Table A.5: Tensile data for each sample of Epoxy 5F.   

  Modulus Of Elasticity Ultimate Stress Maximum Strain 
  (GPa) (MPa) (% elongation)
Sample 1 3.28 70.30 9.83
Sample 2 2.87 70.44 8.83
Sample 3 3.25 69.62 9.83
Sample 4 3.14 69.62 10.33
Sample 5 3.25 60.74 6.33
Sample 6 3.15 69.62 9.67
Sample 7 3.00 58.18 6.00
Sample 8 2.93 68.28 9.67
Sample 9 3.09 68.01 9.33
Sample 10 3.15 69.35 18.17
      
Mean 3.11 67.42 9.80
Std. Dev. 0.14 4.31 3.30
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Epoxy 6A 
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Figure A.6: Stress-strain curve for each sample of Epoxy 6A.   

 
 

Table A.6: Tensile data for each sample of Epoxy 6A.   

  Modulus Of Elasticity Ultimate Stress Maximum Strain 
  (GPa) (MPa) (% elongation)
Sample 1 3.35 73.00 10.50
Sample 2 3.43 71.11 9.83
Sample 3 3.67 67.61 6.83
Sample 4 3.34 71.78 11.33
Sample 5 3.28 68.82 7.50
Sample 6 3.36 73.00 9.50
Sample 7 3.39 71.78 10.17
Sample 8 3.31 71.78 10.00
Sample 10 3.35 73.53 10.67
Sample 11 3.22 71.65 10.17
Sample 12 3.23 72.19 10.17
Sample 13 3.78 71.24 10.50
Sample 14 2.79 72.86 11.17
      
Mean 3.35 71.57 9.87
Std. Dev. 0.23 1.68 1.31
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 Epoxy 8A 
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Figure A.7: Stress-strain curve for each sample of Epoxy 8A.   

 
 
Table A.7: Tensile data for each sample of Epoxy 8A.   

  Modulus Of Elasticity Ultimate Stress Maximum Strain 
  (GPa) (MPa) (% elongation)
Sample 1 2.73 57.78 12.50
Sample 2 2.83 57.78 17.50
Sample 4 2.73 58.32 15.67
Sample 5 2.81 59.12 17.33
Sample 6 2.75 58.32 22.67
Sample 7 3.29 58.45 18.33
Sample 8 2.86 59.26 13.00
Sample 9 2.81 58.45 13.83
Sample 10 2.81 59.39 12.67
Sample 11 3.06 60.74 16.83
Sample 12 2.66 58.85 18.83
      
Mean 2.85 58.77 16.29
Std. Dev. 0.18 0.85 3.14
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Epoxy 11A 
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Figure A.8: Stress-strain curve for each sample of Epoxy 11A.   

 
Table A.8: Tensile data for each sample of Epoxy 11A.   

  Modulus Of Elasticity Ultimate Stress Maximum Strain 
  (GPa) (MPa) (% elongation)
Sample 1 2.82 54.81 15.33
Sample 2 2.82 56.03 15.67
Sample 3 2.98 55.35 17.00
Sample 4 3.11 55.49 13.17
Sample 5 3.12 55.49 14.67
Sample 6 2.94 54.28 10.83
Sample 7 2.87 56.16 19.00
Sample 8 2.93 55.62 32.83
Sample 9 2.91 56.03 15.67
Sample 10 2.95 56.83 14.83
Sample 11 2.87 56.16 23.67
Sample 12 2.61 54.81 13.00
Sample 13 2.78 56.16 18.67
      
Mean 2.90 55.63 17.14
Std. Dev. 0.13 0.70 5.91
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 Epoxy 12AF 
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Figure A.9: Stress-strain curve for each sample of Epoxy 12AF.   

 

Table A.9: Tensile data for each sample of Epoxy 12AF.   

  Modulus Of Elasticity Ultimate Stress Maximum Strain 
  (GPa) (MPa) (% elongation)
Sample 1 2.62 56.56 11.00
Sample 2 2.68 57.64 14.50
Sample 3 2.45 57.50 12.17
Sample 4 2.54 57.64 15.33
Sample 5 2.54 57.23 18.17
Sample 6 2.71 57.50 22.83
Sample 7 2.69 56.70 17.83
Sample 8 2.69 57.50 14.83
Sample 9 2.66 56.96 11.17
Sample 10 2.81 58.72 17.83
      
Mean 2.64 57.40 15.57
Std. Dev. 0.10 0.61 3.70
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Figure A.10: Stress-strain curve for each sample of Epoxy 13AF.   

 
Table A.10: Tensile data for each sample of Epoxy 13AF.   

  Modulus Of Elasticity Ultimate Stress Maximum Strain 
  (GPa) (MPa) (% elongation)
Sample 1 2.28 63.30 11.33
Sample 2 2.94 61.82 11.17
Sample 3 2.72 61.28 15.00
Sample 4 3.03 61.82 11.50
Sample 5 2.83 60.74 11.17
Sample 6 2.36 61.41 16.00
Sample 7 2.84 61.41 13.00
Sample 8 2.87 60.20 18.50
Sample 9 2.35 61.95 11.17
Sample 10 2.66 61.28 15.00
      
Mean 2.69 61.52 13.38
Std. Dev. 0.27 0.82 2.60
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Epoxy 16A 
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Figure A.11: Stress-strain curve for each sample of Epoxy 16A.   

 
Table A.11: Tensile data for each sample of Epoxy 16A.   

  Modulus Of Elasticity Ultimate Stress Maximum Strain 
  (GPa) (MPa) (% elongation)
Sample 1 3.54 65.89 6.83
Sample 3 3.55 69.82 7.50
Sample 5 3.20 71.26 8.83
      
Mean 3.43 68.99 7.72
Std. Dev. 0.20 2.78 1.02
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Epoxy 21B 
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Figure A.12: Stress-strain curve for each sample of Epoxy 21B.   

 
Table A.12: Tensile data for each sample of Epoxy 21B.   

  Modulus Of Elasticity Ultimate Stress Maximum Strain 
  (GPa) (MPa) (% elongation)
Sample 1 3.17 62.42 8.50
Sample 2 3.37 62.14 7.83
Sample 5 3.22 61.85 8.00
Sample 6 3.14 58.73 7.00
Sample 7 3.05 59.77 6.83
Sample 8 3.24 64.69 7.67
      
Mean 3.20 61.60 7.64
Std. Dev. 0.11 2.10 0.63
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Epoxy HE1 
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Figure A.13: Stress-strain curve for each sample of Epoxy HE1.   

 
Table A.13: Tensile data for each sample of Epoxy HE1.   

  Modulus Of Elasticity Ultimate Stress Maximum Strain 
  (GPa) (MPa) (% elongation) 
Sample 1 3.17 65.55 9.00 
Sample 2 3.40 64.37 9.67 
Sample 3 3.86 57.06 12.00 
      
Mean 3.48 62.33 10.22 
Std. Dev. 0.35 4.60 1.58 
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Epoxy LZ31 
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Figure A.14: Stress-strain curve for each sample of Epoxy LZ31.   

 
Table A.14: Tensile data for each sample of Epoxy LZ31.   

  Modulus Of Elasticity Ultimate Stress Maximum Strain 
  (GPa) (MPa) (% elongation)
Sample 1 4.06 44.48 4.83
Sample 2 4.04 45.30 5.17
Sample 3 4.43 46.32 6.17
Sample 5 4.10 41.22 4.67
Sample 9 4.23 47.34 4.67
      
      
Mean 4.17 44.93 5.10
Std. Dev. 0.16 2.34 0.63
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Epoxy 20A 
 

igure A.15: Stress-strain curve for each sample of Epoxy 20A.   

able A.15: Tensile data for each sample of Epoxy 20A.   
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  Modulus Of Elasticity Ultimate Str
  (GPa) (MPa) (% elongation)
Sample 1 3.66 75.61 10.33
Sample 2 3.23 66.47 12.83
Sample 3 2.94 59.36 9.17
Sample 4 3.52 73.29 15.67
Sample 5 3.71 74.01 9.67
Sample 6 3.09 61.39 8.67
Sample 7 3.58 71.69 11.33
Sample 8 3.46 67.63 10.67
Sample 10 3.72 73.58 10.83
      
Mean 3.44 69.23 11.02
Std. Dev. 0.28 5.85 2.13
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Laminate 
 

Tensile Data 
 
Tensile Test results for Derakane 510a with unidirectional transverse fibers 
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Figure A.16: Stress-strain curve for each sample of unidirectional transverse laminate 
Derakane 510a.   

 

Table A.16: Tensile data for each sample of unidirectional transverse laminate Derakane 
510a.   

Modulus Of Elasticity Ultimate Stress Maximum Strain 
  (GPa) (MPa) (% elongation)

Sample 1 4.95 27.03 2.33
Sample 3 6.57 23.71 2.00
Sample 4 5.88 24.89 2.17
Sample 5 6.48 30.82 2.50
Sample 6 6.40 25.37 2.17
Sample 7 6.11 24.66 2.17
      
Mean 6.06 26.08 2.22
Std. Dev. 0.60 2.57 0.17
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Derakane 510a 
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Figure A.17: Comparison of laminate and neat resin tensile tests for Derakane 510a 

 

Table A.17: Laminate and neat resin tensile data for Derakane 510a   

Modulus Of Elasticity Ultimate Stress Maximum Strain 

  
Average 

(GPa) 
Standard 
Deviation 

Average 
(MPa) 

Standard 
Deviation 

(% elongation) Standard 
Deviation 

Neat 
Resin 2.91 0.60 50.48 2.57 6.08 0.17
Laminate 6.06 0.09 26.08 2.72 2.22 0.56
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Derakane 8084 
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Figure A.18: Stress-strain curve for each sample of unidirectional transverse laminate 
Derakane 8084.   

 

Table A.18: Tensile data for each sample of unidirectional transverse laminate Derakane 
8084.   

Modulus Of Elasticity Ultimate Stress Maximum Strain 

  
Average

(GPa) (MPa) (% elongation)
Sample 1 4.75 37.95 3.50
Sample 2 5.17 35.86 3.50
Sample 3 3.46 30.78 2.83
Sample 5 4.98 37.65 3.33
Sample 6 5.19 37.65 3.33
      
Mean 4.71 35.98 3.30
Std. Dev. 0.72 3.02 0.27
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Comparison of laminate and neat resin tensile tests for Derakane 8084  
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 Figure A.19: Comparison of laminate and neat resin tensile tests for Derakane 8084 

. 

Table A.19: Laminate and neat resin tensile data for Derakane 8084 

Modulus Of Elasticity Ultimate Stress Maximum Strain 

  
Average 

(GPa) 
Standard 
Deviation 

Average 
(MPa) 

Standard 
Deviation (% elongation) 

Standard 
Deviation 

Neat Resin 2.39 0.08 50.22 1.86 18.55 4.11
Laminate 4.71 0.72 35.98 3.02 3.30 0.27
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Epoxy 16A  
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Figure A.20: Stress-strain curve for each sample of unidirectional transverse laminate Epoxy 
16A.   

 

Table A.20: Tensile data for each sample of unidirectional transverse laminate Epoxy 16A.   

Modulus Of Elasticity Ultimate Stress Maximum Strain 
  (GPa) (MPa) (% elongation)

Sample 1 7.77 36.63 2.50
Sample 2 6.53 32.73 2.50
Sample 3 5.94 40.13 2.83
Sample 5 8.20 36.50 2.50
Sample 6 9.53 38.38 2.67
Sample 7 7.88 37.57 2.50
Sample 8 8.59 38.11 2.67
Sample 9 6.51 37.04 2.50
Sample 10 7.29 40.54 2.83
      
Mean 7.58 37.51 2.61
Std. Dev. 1.14 2.29 0.14
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Epoxy 16A 
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Figure A.21: Comparison of laminate and neat resin tensile tests for Epoxy 16A 

 
Table A.21: Laminate and neat resin tensile data for Epoxy 16A 

Modulus Of Elasticity Ultimate Stress Maximum Strain 

  
Average 

(GPa) 
Standard 
Deviation 

Average 
(MPa) 

Standard 
Deviation (% elongation) 

Standard 
Deviation 

Neat Resin 3.43 0.20 68.99 2.78 7.72 1.02
Laminate 7.58 1.14 37.51 2.29 2.61 0.14
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Figure A.22: Stress-strain curve for each sample of unidirectional transverse laminate Epoxy 
21B.   

 

Table A.22: Tensile data for each sample of unidirectional transverse laminate Epoxy 21B.   

Modulus Of Elasticity Ultimate Stress Maximum Strain 
  (GPa) (MPa) (% elongation)

Sample 1 8.71 32.63 2.50
Sample 2 7.16 29.91 2.33
Sample 6 7.81 30.30 2.33
Sample 8 7.89 34.45 2.50
Sample 9 8.18 35.22 2.50
Sample 10 7.77 37.94 2.83
      
Mean 7.92 33.41 2.50
Std. Dev. 0.51 3.08 0.18
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Figure A.23: Comparison of laminate and neat resin tensile tests for Epoxy 21B 

 
Table A.23: Laminate and neat resin tensile data for Epoxy 21B 

Modulus Of 
Elasticity Ultimate Stress Maximum Strain 

  
Average 
(GPa) 

Standard 
Deviation 

Average 
(MPa) 

Standard 
Deviation (% elongation) 

Standard 
Deviation 

Neat Resin 3.20 0.11 61.60 2.10 7.64 0.63
Laminate 7.92 0.51 33.41 3.08 2.50 0.18
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Figure A.24: Stress-strain curve for each sample of unidirectional transverse laminate Epoxy 
LZ31.   

 

Table A.24: Tensile data for each sample of unidirectional transverse laminate Epoxy LZ31.   

Modulus Of Elasticity Ultimate Stress Maximum Strain 
  (GPa) (MPa) (% elongation)

Sample 1 7.80 33.55 2.33
Sample 3 5.88 36.07 2.50
Sample 4 5.29 36.80 2.67
Sample 6 7.61 32.11 2.33
Sample 7 6.98 41.60 2.83
Sample 8 7.21 32.35 2.33
Sample 9 6.93 35.83 2.33
Sample 10 6.19 31.75 2.17
      
Mean 6.74 35.01 2.44
Std. Dev. 0.87 3.31 0.22
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Figure A.25: Comparison of laminate and neat resin tensile tests for Epoxy LZ31 

 
 

Table A.25: Laminate and neat resin tensile data for Epoxy LZ31 

Modulus Of Elasticity Ultimate Stress Maximum Strain 

  
Average 

(GPa) 
Standard 
Deviation 

Average 
(MPa) 

Standard 
Deviation (% elongation) 

Standard 
Deviation 

Neat Resin 4.17 0.16 44.93 2.34 5.10 0.63
Laminate 6.74 0.87 35.01 3.31 2.44 0.22
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Epoxy 20A  
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 Figure A.26: Stress-strain curve for each sample of unidirectional transverse laminate 
Epoxy 20A.   

 

Table A.26: Tensile data for each sample of unidirectional transverse laminate Epoxy 20A. 

   
Modulus Of Elasticity Ultimate Stress Maximum Strain 

  (GPa) (MPa) (% elongation)
Sample 1 6.69 33.67 2.33
Sample 2 7.47 37.59 2.67
Sample 3 8.96 39.76 2.83
Sample 4 5.97 42.23 2.83
Sample 5 8.25 36.57 2.67
Sample 6 7.23 38.02 2.83
      
Mean 7.43 37.97 2.69
Std. Dev. 1.07 2.90 0.19
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Epoxy 20A  
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Figure A.27: Comparison of laminate and neat resin tensile tests for Epoxy 20A 

 
 

Table A.27: Laminate and neat resin tensile data for Epoxy 20A 

Modulus Of Elasticity Ultimate Stress Maximum Strain 

  
Average 

(GPa) 
Standard 
Deviation 

Average 
(MPa) 

Standard 
Deviation (% elongation) 

Standard 
Deviation 

Neat Resin 3.44 0.28 69.23 5.85 11.02 2.13
Laminate 7.43 1.07 37.97 2.90 2.69 0.19
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 Epoxy 19D  
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 Figure A.28: Stress-strain curve for each sample of unidirectional transverse laminate 
Epoxy 19D.   

 

Table A.28: Tensile data for each sample of unidirectional transverse laminate Epoxy 19D.   

Modulus Of Elasticity Ultimate Stress Maximum Strain 
  (GPa) (MPa) (% elongation)

Sample 1 6.39 19.12 2.67
Sample 2 7.04 29.36 2.33
Sample 3 5.94 17.91 2.17
Sample 4 6.94 28.28 2.33
Sample 5 7.22 37.17 2.67
Sample 6 6.49 36.09 2.67
Sample 8 6.66 36.90 3.00
Sample 9 7.22 33.00 2.50
Sample 10 7.25 35.29 2.67
      
Mean 6.79 30.35 2.56
Std. Dev. 0.45 7.41 0.25
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Figure A.29: Stress-strain curve for each sample of unidirectional transverse laminate Epoxy 
23A.   

 

Table A.29: Tensile data for each sample of unidirectional transverse laminate Epoxy 23A 

Modulus Of Elasticity Ultimate Stress Maximum Strain 
  (GPa) (MPa) (% elongation)

Sample 1 6.80 25.38 2.17
Sample 5 6.78 15.67 1.67
Sample 8 7.40 27.97 2.50
Sample 9 7.54 28.49 2.17
Sample 10 7.21 23.96 2.00
      
Mean 7.15 24.29 2.10
Std. Dev. 0.35 5.17 0.30
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Short Beam Strength Data 
 

Table A.30: Derakane 8084 short beam strength 

  
Maximum Load 
(lbs) Short Beam Strength

   (psi) (MPa)
Sample 1 123 727.81 5.02
Sample 2 119.5 707.10 4.88
Sample 3 129.5 766.27 5.28
Sample 4 137.5 813.61 5.61
Sample 5 105.5 624.26 4.30
Sample 6 135 798.82 5.51
Sample 7 121.5 718.93 4.96
Sample 8 131.5 778.11 5.36
Sample 9 112.5 665.68 4.59
      
Average 123.94 733.40 5.06
Standard 
Dev. 10.56 62.47 0.43

 
 

Table A.31: Derakane 510a short beam strength 

  
Maximum Load 
(lbs) Short Beam Strength

   (psi) (MPa)
Sample 1 42.5 299.30 2.06
Sample 2 49 345.07 2.38
Sample 3 39 274.65 1.89
Sample 4 48.5 341.55 2.35
Sample 5 48.5 341.55 2.35
Sample 6 47.5 334.51 2.31
Sample 7 55.5 390.85 2.69
Sample 8 36.5 257.04 1.77
Sample 9 48.5 341.55 2.35
Sample 10 36.5 257.04 1.77
      
Average 45.20 318.31 2.19
Standard 
Dev. 6.29 44.27 0.31
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Table A.32: Epoxy 16A short beam strength 

  
Maximum Load 
(lbs) Short Beam Strength

   (psi) (MPa)
Sample 1 57 438.46 3.02
Sample 2 66 507.69 3.50
Sample 3 71 546.15 3.77
Sample 4 78 600.00 4.14
Sample 5 56.5 434.62 3.00
Sample 6 80 615.38 4.24
Sample 7 51 392.31 2.70
Sample 8 67.5 519.23 3.58
Sample 9 65 500.00 3.45
      
Average 65.78 505.98 3.49

 
 
 

Table A.33: Epoxy 21B short beam strength 

  
Maximum Load 
(lbs) Short Beam Strength

   (psi) (MPa)
Sample 1 66.5 511.54 3.53
Sample 2 61.5 473.08 3.26
Sample 3 62 476.92 3.29
Sample 4 52 400.00 2.76
Sample 5 51 392.31 2.70
Sample 6 71 546.15 3.77
Sample 7 74 569.23 3.92
Sample 8 57 438.46 3.02
      
Average 61.88 475.96 3.28
Standard 
Dev. 8.38 64.45 0.44

 
 

 87



Table A.34: Epoxy LZ31 short beam strength 

  
Maximum Load 
(lbs) Short Beam Strength

   (psi) (MPa)
Sample 1 92.4 660.00 4.55
Sample 2 87.5 625.00 4.31
Sample 3 78.9 563.57 3.89
Sample 4 82.7 590.71 4.07
Sample 5 89.1 636.43 4.39
Sample 6 81.6 582.86 4.02
Sample 7 87.5 625.00 4.31
Sample 8 95.6 682.86 4.71
Sample 9 81.1 579.29 3.99
Sample 10 81.1 579.29 3.99
      
Average 85.75 612.50 4.22
Standard 
Dev. 5.53 39.50 0.27

 
 

Table A.35: Epoxy 20A short beam strength 

  
Maximum Load 
(lbs) Short Beam Strength

   (psi) (MPa)
Sample 1 75.7 652.59 4.50
Sample 2 66.6 574.14 3.96
Sample 3 71.4 615.52 4.24
Sample 4 65.5 564.66 3.89
Sample 5 77.3 666.38 4.59
Sample 6 72.5 625.00 4.31
Sample 7 68.7 592.24 4.08
Sample 8 61.8 532.76 3.67
Sample 9 55.3 476.72 3.29
Sample 10 66.1 569.83 3.93
      
Average 68.09 586.98 4.05
Standard 
Dev. 6.58 56.72 0.39
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Table A.36: Epoxy 19D short beam strength 

  
Maximum Load 
(lbs) Short Beam Strength

   (psi) (MPa)
Sample 1 61.2 489.60 3.38
Sample 2 58.5 468.00 3.23
Sample 3 64.4 515.20 3.55
Sample 5 68.2 545.60 3.76
Sample 6 49.9 399.20 2.75
Sample 7 38.7 309.60 2.13
Sample 8 67.1 536.80 3.70
Sample 10 53.2 425.60 2.93
      
Average 57.65 461.20 3.18
Standard 
Dev. 9.99 79.91 0.55

 
 
 

Table A.37: Epoxy 23A short beam strength 

  
Maximum Load 
(lbs) Short Beam Strength

   (psi) (MPa)
Sample 1 46.2 355.38 2.45
Sample 2 60.1 462.31 3.19
Sample 3 58 446.15 3.08
Sample 4 60.1 462.31 3.19
Sample 5 54.2 416.92 2.87
Sample 6 56.4 433.85 2.99
Sample 7 49.9 383.85 2.65
Sample 9 45.6 350.77 2.42
Sample 10 39.2 301.54 2.08
      
Average 52.19 401.45 2.77
Standard 
Dev. 7.37 56.65 0.39
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