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coupons experienced the same type of failure.  In some areas, the joint interface bond was 

broken through the resin, while in others the resin was pulled away from the fibers, as 

shown in Figures 26 and 27. 

 

Figure 26.   Surface Crack Propagation Path for a Co-Cured Coupon 

 

Figure 27.   Surface Crack Propagation Path for a Two-Step Cured Coupon 

Since both the co-cured and two-step cured samples failed in a similar manner, a 

probable cause for the two-step cured higher GII values is related to the VARTM process.  
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When making two-step cured samples, the surface of the bottom resin layer is sanded and 

cleaned carefully with acetone.  During this process micro-scale defects, like voids in the 

resin layer, are reduced, allowing for a stronger boundary interface to form between the 

top and bottom fiber layers. 

C. PHASE III: CARBON COMPOSITE RESITANCE TESTING 

This phase began with Mode II testing of all carbon composite coupons 

containing CNTs.  Based on Phase II results, a ratio of crack length to one-half the span 

length of greater than 0.4 was desired; as a result, the initial crack length was chosen to 

be 4 cm, with a span length of 16 cm, and width of 2.4 cm.  These geometry parameters 

resulted in a ratio of 0.5, which with a Mode II test speed of 1 mm/min, resulted in 

coupon failure through crack propagation. 

 Prior to the start of testing each coupon was measured to determine its resistivity 

for baseline comparisons.  Each of these starting resistance readings can be seen in 

Appendix B, and shows a varying degree of starting resistances.  This is due to the 

unevenly spread CNT, directly resulting from the dispersion technique used during the 

VARTM process.  Each value recorded however, was constant to within a tenth of an 

ohm, and was read several different times before recording values. 

During the actual testing, values of the resistance readings were recorded 

manually at 30 second intervals.  These values varied little from the initial readings 

throughout the entire test.  In fact most of the averages of these readings, with the 

exception of those coupons with higher initial resistance readings, matched within 14% 

of the initial resistance readings.  Even when the sample cracked and continued to crack, 

the resistance readings stayed constant varying only a few ohms at a time.  The averages 

resistance readings throughout the test are summarized in Appendix B. 

When the test was complete the sample was left in the bent position shown in 

Figure 28.  The readings taken in the bent position were again constant, only fluctuating 

to the tenth of an ohm, and within 4% of the initial resistance values.   When the coupons 

were released from this bent position, the resistance readings for all coupons increased, 

and are listed in Appendix B.  Again the variance in the increase percentage can be 
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contributed to the CNT dispersion method used during the VARTM process.  On average 

the increase in resistance readings for carbon composite coupons with a layer of CNTs 

was 15.7%.  This increase in resistance is what is desired in order to use CNTs as a 

possible NDT method. 

 

Figure 28.   Carbon Fiber Mode II Resistance Testing Bent Position 

After experiencing such positive results from the carbon composite CNTs 

reinforced coupons, the pure carbon composite coupons were tested.  The first coupon 

tested was setup with the same geometric parameters and Mode II test speed.  However, 

since the speed was faster than that used in Phase II, the coupon failed through bending in 

the middle at the point of load application.  Another pure carbon composite coupon was 

tested to ensure that these test parameters were faulty for pure carbon composite coupons.  

This second coupon failed in the same manner, and as a result the geometric parameters 

were changed for the rest of the coupons.  The remaining eight coupons were tested 

having an initial crack length of 4 cm, a span length of 15 cm, and width of 2.4 cm. 

Again prior to the start of testing, each coupon was measured to determine its 

resistivity for baseline comparisons.  Each of these starting resistance readings can be 

seen in Appendix C, and shows a varying degree of starting resistances.  For the pure 

carbon composite coupons the resistance readings were very inaccurate and by no means 
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repeatable.  Each time the coupons were hooked up to the multi-meter they started at a 

given value and fluctuated widely.  After fluctuating for a little bit, all coupons’ 

resistance readings began to steadily increase, acting as a capacitor.  This was an 

unexpected result, but validated the conductive behavior of CNTs when included in 

carbon composites.  

For pure composite coupons the resin, which is non-conductive in nature, is what 

is being measured for resistance.  Unfortunately, instead of acting as an open circuit, as 

would be expected of a non-conductive material, the resin layer behaved as a capacitor.  

Since the thickness of the layer of resin, compared to that of the surrounding carbon, was 

thin, the carbon was able to sense some of the electricity being run through the stainless 

steel.  This flow of electricity was then transferred to the resin.  The resin was charged by 

the surrounding carbon, and in essence became a capacitor. 

During Mode II testing of the pure carbon composite samples, resistance readings 

were recorded manually at 30 second intervals.  These values typically started high and 

as the load was increased, they gradually decreased.  For each coupon tested, at a certain 

point during the Mode II testing, the values became steady and unchanging.  These values 

were extremely low in comparison to the initial fluctuating values experienced prior to 

testing.  The low steady resistance readings were a result of the sample being placed 

under stress.  When placed under stress, the carbon was not able to charge the resin layer 

as it had before.  Instead, the resin layer was compressed and too small for the carbon to 

charge.  The low readings, were in fact, those of the carbon layers. 

When the test was complete, the coupon was left in the bent position and a 

resistance reading was recorded.  Readings taken in the bent position, for all pure carbon 

composite coupons, were steady only fluctuating to the tenth of an ohm.  These resistance 

readings were extremely low compared to the initial readings taken, and are given in 

Appendix C.  Also given in this appendix are the average resistance values felt during 

Mode II testing. 

When the coupons were released, and returned to a flat position, an additional 

resistance reading was taken.  The resistance, for all pure carbon composite coupons, 
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increased, and then steadily began to climb, again taking on the behavior of a capacitor.  

The values recorded in Appendix C are the values taken upon initially being returned to 

the flat position.  All readings are the baseline from which the resistance started to 

quickly grow.  Thus, unlike the carbon composite coupons with CNTs, the pure carbon 

composite coupons respond poorly to the electrical resistance test.  NDT could not be 

used for pure carbon composite coupons, but is a valuable technique for carbon 

composite reinforced with CNT. 

To ensure that this was still a valuable use for the strengthening of composites at 

areas of high concentration, and verify the results of previous research done at NPS, the 

GII values for both the carbon composites with and without CNTs were calculated.  

Figures 29 and 30 show each coupon’s load versus extension graphs used to calculate the 

required GII values.  The two graphs show that carbon composites hold load the same 

way for both with and without CNTs, however, the crack location for composites with 

CNTs is prolonged.  Those coupons with CNTs also were able to reach higher loads 

before complete load failure.  This was verified by the test results that showed there was 

an increase in GII for carbon composite coupons with CNTs over that of pure carbon 

composite coupons.  Figure 31 displays the normalized average values of GII for Phase III 

coupons, along with the respective standard deviations.  This data indicates that the 

carbon composite sample sets reinforced with CNTs had GII values 20% higher than the 

pure carbon composite sample sets.  The actual values of each coupon can be seen in 

Appendix D.  From this it is important to note that each sample set had a similar standard 

deviation, and that the highest value of the pure carbon sample set was barely higher than 

the lowest sample set coupon reinforced with CNT. 
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Figure 29.   Mode II Graph of Carbon Composites With CNT 

 

Figure 30.   Mode II Graph of Carbon Composites Without CNT 
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Figure 31.   Normalized Average Values of GII for Phase III 

Based on previous research conducted at NPS20, the layer of CNTs included 

within the carbon composite acted as expected.  The pure carbon composite samples 

experienced crack propagation at the initial crack tip, followed by propagation through 

the joint interface.  Carbon composites with CNTs, first experienced cracking at areas 

away from the crack tip, i.e., weaker zones.  These cracks then propagated back towards 

the initial crack tip.  These different crack propagations can be verified by observing the 

surface of the joint interfaces where cracking occurred.  Figure 32 shows the relatively 

smooth joint interface of a pure carbon sample, with little fibers broken.  This is a result 

of the crack propagating through the joint interface.  Figure 33 on the other hand shows 

the rougher joint interface of the carbon composite containing CNTs.  The rough surface 

has CNTs on both sides, as well as several areas were the crack propagated back to the 

initial tip through fibers.  The crack was forced to propagate through the fibers due to the 

CNTs being located in the joint interface strengthening it and making it resistance to 

crack propagations. 

                                                 
20 Faulkner, “Study of Composite Joint Strength with Carbon Nanotube Reinforcement,” 27–30. 
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Figure 32.   Surface Crack Propagation Path of Carbon Composite Without CNT 

 

 

Figure 33.   Surface Crack Propagation Path of Carbon Composite With CNT 
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D. PHASE IV: FIBERGLASS COMPOSITE RESISTANCE TESTING  

This phase began with Mode II testing of all fiberglass composite coupons 

containing CNTs.  Based on the results of Phase II, the initial crack length was chosen to 

be 4 cm, with a span length of 16 cm, and width of 2.4 cm.  These geometry parameters 

along with a Mode II test speed of 1 mm/min, resulted in coupon failure through crack 

propagation. 

Prior to the start of testing each coupon was measured to determine its resistivity 

for baseline comparisons.  Unfortunately, only four of the coupons made actually 

registered any resistance on the multi-meter.  An advantage to using fiberglass for testing 

is that the CNTs inside the fiberglass composite could easily be seen.  For the six 

coupons that did not conduct, large areas within the coupons that were devoid of CNTs 

could be detected as shown in Figure 34.  Each of the four coupons that did conduct had a 

visual path of CNTs that were continuous throughout the entire length of the coupon, as 

displayed in Figure 35.  This shows that in order for CNTs to be effective, they must be 

touching.  At the same time though, it also shows that if the CNTs are touching, they can 

be effective even in non-conductive base composite materials.  In order to ensure that 

CNTs are touching, a better method for dispersion during the VARTM process should be 

developed.  A better method of dispersion would result in no open gaps, as experienced 

in this particular sample set.  All of the samples had large areas on one side or the other 

were CNTs could not be seen.  Figure 32 and 33 both shown areas on the top which are a 

result of the Teflon used to create the cracks, however, the one in the middle on the 

bottom are in fact devoid of CNTs.  Again this is a result of the VARTM process and the 

uneven dispersion method used. 
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Figure 34.   Fiberglass Coupon With Gaps in the Layer of CNTs 

 

Figure 35.   Fiberglass Coupon With Continuous Layer of CNTs 

Even though only four of the coupons were conductive, all coupons containing 

CNTs were put through Mode II testing and values of the resistance readings were 

recorded manually at 30 second intervals.  The six coupons that initially did not conduct, 

still registered no readings during the entire test.  The values for the four conducting 

fiberglass coupons, although much higher than those obtained for the carbon composite 

coupons in Phase III, showed the same steady trend.  During the test the resistance 

readings varied little from the initial readings, and matched within 6%.  Even when the 

sample cracked and continued to crack, the resistance readings stayed constant varying 

only a few ohms at a time, again consistent with Phase III carbon composite coupons 

with CNTs.  The average resistance readings throughout the test are summarized in 

Appendix E. 
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When the test was complete the sample was left in the bent position as was done 

during Phase III.  The six coupons that were non-conductive still registered no resistance; 

however the remaining four continued to give constant resistance readings.  The readings 

in the bent position were constant, but all readings had increased from the initial values, 

some by as much as 30%.  When the coupons were released from this bent position, the 

four conducting fiberglass coupon’s resistance readings continued to increase while the 

non-conduction fiberglass coupon’s remained unchanged.  Both the bent and flat readings 

for the four conducting fiberglass coupons are listed in Appendix E.  Although each 

coupon showed an increase in resistance, some showed higher percentages than others.  

This variance can be contributed to the CNT dispersion method used during the VARTM 

process.  On average the increase in resistance readings for fiberglass coupons with CNTs 

was 42.9%.  Although much higher, this increase was consisted with Phase III results, 

and is even more significant since it occurred in a non-conductive base material. 

Next, the pure fiberglass coupons were tested.  For these coupons resistance 

readings were simple to take throughout the entire testing process.  Each of the ten 

coupons manufactured were tested and each one acted as an open circuit before, during 

and after Mode II testing.  This was what was expected of a non-conducting base 

composite material, and is exactly how the fiberglass composite samples with gaps in the 

CNTs behaved.  This is evidence that proofs further, that in order for CNTs to be 

effective, they must be touching.  When touching, CNTs will conduct and can be sensed 

by a simple multi-meter. 

Research, previously conducted with CNTs at the Naval Postgraduate School, 

focused on the use of CNTs to strengthen carbon composite structures.21  Therefore it 

was important to know if CNTs would strengthen fiberglass composites in the same way 

that they do carbon composite structures.  To do this, the GII values for both the fiberglass 

composites with and without CNTs were calculated.  Test results showed that there was 

an increase in GII for fiberglass composite coupons with CNTs over that of pure 

fiberglass coupons.  Figure 36 displays the normalized average values of GII for Phase IV 

                                                 
21 Faulkner, “Study of Composite Joint Strength with Carbon Nanotube Reinforcement,”1–42. 
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coupons, along with the respective standard deviations.  This data indicates that the 

fiberglass composite sample sets with CNTs had GII values 35% higher than the pure 

carbon composite sample sets.  The actual values of each coupon can be seen in 

Appendix F.  From this it is important to note that the highest value of the pure fiberglass 

sample set was barely higher than the lowest sample set value for fiberglass with CNTs. 
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Figure 36.   Normalized Average Values of GII for Phase IV 

When testing the carbon composites in Phase III, for both with and without CNTs, 

the way in which they failed was expected based on previous research already 

conducted.22  Fiberglass however, was surprising in its behavior both with and without 

CNTs.  During testing of fiberglass coupons with CNTs, a loud cracking sound could be 

heard upon failure followed by a quick decrease in the loading.  This can be seen in 

Figure 37, which displays the load versus extension graph for all fiberglass coupons with 

CNTs.  The peak of each graph closely corresponds to the crack propagation point 

observed visually, audibly, and graphically.  This loud cracking sound was not observed 

during testing of fiberglass composites without CNT, instead a soft crackling sound could 

be heard.  Also with the pure fiberglass coupons, after the crack could be visually and 

                                                 
22 Faulkner, “Study of Composite Joint Strength with Carbon Nanotube Reinforcement,” 22–31. 
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audibly verified, loads being applied still continued to climb.  This can be shown in 

Figure 38, which also displays the location where the crack could be seen and heard. 
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Figure 37.   Mode II Graph of Fiberglass Composites With CNT 

 

Figure 38.   Mode II Graph of Fiberglass Composites Without CNT 

Differences in both the sound of failure, and crack propagation can be directly 

contributed to the CNTs.  In the non-reinforced samples, crack propagation began at the 

tip of the initial crack, and continued to propagate through the joint interface, as shown in 
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Figures 39 and 40.  This crack occurred early in the loading cycle and slowly propagated 

while still maintaining an increasing load.  For the fiberglass composites reinforced with 

CNTS they too initially propagated from the crack tip through the joint interface, 

however, at a certain point the crack took the path of least resistance under the layer of 

CNTs, as shown in Figures 41 and 42.  This result was widely observed in the CNT 

reinforced samples, and is the reason for the loud crack sound heard. 

 

Figure 39.   Fiberglass Composites Without CNT Path of Crack Propagation Drawing 

 

Figure 40.   Fiberglass Composites Without CNT Path of Crack Propagation Picture 
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Figure 41.   Fiberglass Composites With CNT Path of Crack Propagation 

 

Figure 42.   Fiberglass Composites With CNT Path of Crack Propagation Picture 

After testing was complete for all phases of research, coupons in which crack 

propagation occurred were pulled apart to inspect the cracked joint interface surface, and 

verify crack propagation paths.  When the fiberglass coupon with CNTs was pulled apart, 

one side contained more CNTs than the other.  Looking closer it could be seen that 

initially the crack did propagate through the layer of CNTs, but then quickly took the path 

of least resistance under the layer of CNTs through the fiberglass.  The fiberglass coupon 

without CNTs showed a slightly different crack propagation path.  The joint interface  
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bond was broken through the resin by the crack propagation resulting in the resin being 

pulled away from the fibers.  Both surface interfaces are shown below in Figures 43 and 

44. 

 

Figure 43.   Surface Crack Propagation Path of Fiberglass Composite With CNT 

 

Figure 44.   Surface Crack Propagation Path of Fiberglass Composite Without CNT 

The variances in surfaces can also explain the differences in both the physical 

observations, as well as the differences in the loads each sample set was able to carry.  
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The pure fiberglass composite acted as the two-step cured samples tested during Phase II.  

The crack propagated through the joint interface, an area which was inherently stronger 

due the VARTM process.  This allowed for higher loads to be carried and slower crack 

growth.  The fiberglass with CNT acted more like the co-cured samples from Phase II.  

Once the crack propagated into layers above or below that of the CNTs, it was 

propagating through a weaker resin bond allowing faster crack propagation and lower 

loads to be carried.  This is ultimately why, although crack propagation was prolonged in 

the fiberglass with CNTs, those without were still able to carry higher loads. 

E. PHASE V: RESIS TANCE RE LIABILITY AND CRACK GROWTH 
RELATIONSHIP TESTING 

This phase began with testing of the four fiberglass composite coupons containing 

CNTs, from Phase IV, that resistance readings were able to be obtained.  All coupons 

tested were placed on the Instron with the same test setup from Phase III and IV.  In other 

words a span length of 16 cm, and width of 2.4 cm were still used.  Before placing the 

coupons into the machine however, the length of the crack resulting from Phase IV Mode 

II tests were measured and recorded.  Once loaded into the Instron, a load of 100 kN was 

applied to the coupons so that the crack was stationary without growth and the 

corresponding resistance readings were taken for both bent and unbent readings.  This 

was done at least three times for each sample.  The resulting resistance readings can be 

seen in Appendix G. 

Although the readings vary from the cracked resistance readings taken in Phase 

IV, shown in Appendix E, each coupon is consistent within itself, only varying by at most 

6.35%.  Again the difference between the different coupons can be attributed to the 

uneven distribution of CNTs within the coupons.  The readings also vary from that taken 

in Phase IV due to the different placement of where the multi-meter is attached on the 

sample.  If this practice is to be used, the exact location of the test equipment placement 

must be marked in order to ensure consistent readings from one test to the next. 

After taking the consistency readings, the fiberglass coupons were then manually 

loaded for crack growth using the Instron machine.  Unfortunately, no useful information 
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was gathered from this step.  Upon crack propagation, resistance readings jumped to over 

1 MΩ.  These high readings were indications that the CNTs were no longer touching and 

the sample was now acting as an open circuit.  In essence, the crack had severed the 

continuous layer of CNTs and began to propagate below the layer of CNTs.  This is what 

was observed and discussed in the Phase IV results when the samples were pulled apart 

for inspection. 

The same two tests were then conducted using all carbon composite coupons 

containing CNTs, from Phase III.  The same geometry setup was used, and the length of 

the crack resulting from Phase III Mode II tests was measured and recorded.  This time a 

load of 50 kN was applied to the coupons, as 100 kN may have been a cause of the quick 

crack propagation experienced with the fiberglass coupon number four.  The 

corresponding resistance readings for both the bent and unbent positions were taken.  

This was done at least three times for each sample.  The resulting resistance readings can 

be seen in Appendix H. 

As with the fiberglass composites, the readings for the carbon composites were 

consistent with each other.  The average change in resistance was 1.26% with the highest 

resistance change being 8.77%.  Any difference between the coupons can be attributed to 

the uneven distribution of CNTs within the coupons.  As was seen with the fiberglass, the 

carbon readings also varied from those taken in Phase III.  As already discussed, this is 

due to the different placement of where the multi-meter is attached on the sample. 

After taking the consistency readings, the carbon coupons were then manually 

cracked using the Instron machine.  Once the crack propagated, which was determined by 

both sight and sound, the new crack length was measured, and the corresponding 

resistance reading was taken.  This was done repeatedly until the crack tip had reached 

the point of load application, and it was no longer possible to further crack the coupons 

with the Instron machine.  The resulting data was then plotted to determine any 

relationship between change of crack length and change in resistance.  Figure 45 shows 

all the data collected for coupons with CNT on one large graph. 
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Figure 45.   Carbon Composite Resistance vs. Crack Length Graph For All CNT 
Coupons 

The above graph shows all the data minus the initial crack information.  This was 

done to be more consistent in calculations.  The resistance readings for the initial crack 

length of 4 cm were taken using a different test equipment position for the multi-meter, 

and therefore were not valid for these calculations.  Unfortunately, even with these 

readings removed from the graph the data was still verily spread apart.  This again is due 

to the uneven dispersion of CNTs in each of the coupons. 

In an attempt to find some relationship between changes of crack length to 

changes of resistance, each coupon’s data was plotted on its own graph.  Most of the data 

followed a linear behavior, and so a linear regression was performed for each plot as 

shown in Figures 46, 47, 48, 49, 50, 51, 52, 53, and 54.  These figures show that no 

standard slope could be found but an average was taken to be 13.68 Ohms/mm with a 

standard deviation of 14.52 Ohms/mm. 
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Figure 46.   Carbon Composite Coupon 1 Resistance vs. Crack Length Graph 

 

Figure 47.   Carbon Composite Coupon 2 Resistance vs. Crack Length Graph 
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Figure 48.   Carbon Composite Coupon 3 Resistance vs. Crack Length Graph 

 

Figure 49.   Carbon Composite Coupon 4 Resistance vs. Crack Length Graph 



 54

 

Figure 50.   Carbon Composite Coupon 5 Resistance vs. Crack Length Graph 

 

Figure 51.   Carbon Composite Coupon 6 Resistance vs. Crack Length Graph 
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Figure 52.   Carbon Composite Coupon 8 Resistance vs. Crack Length Graph 

 

Figure 53.   Carbon Composite Coupon 9 Resistance vs. Crack Length Graph 
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Figure 54.   Carbon Composite Coupon 10 Resistance vs. Crack Length Graph 

These figures all have the same general trends no matter what the starting crack 

length and initial resistance reading.  With each incremental increase in crack length, the 

resistance values increased.  Although it was difficult to predict how much the crack 

would propagate each time it was loaded, the resistance never failed to increase, even 

with the smallest increase in crack length.  This increase in resistance is related to the fact 

that the crack for a carbon composite with CNTs propagates through the layer of CNTs.  

Thus, as the crack continues to propagate, the CNTs are separated from each other, and 

their ability to conduct throughout the sample is decreased.  The more holes in the layer 

of CNTs, the harder it is to conduct, and thus an increase in resistance. 

Although there seems to be a linear relationship, more testing needs to be done to 

verify these findings.  More data points need to be taken in order to truly determine if a 

linear relationship is the correct one to assign to the resistance behavior of CNTs in 

composite materials.  For future work this data could be improved by ensuring even 

dispersion of CNTs, designated test equipment positions for multi-meter, and a more 

scientific method to predict crack propagation in intermediate steps. 
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VI. CONCLUSIONS AND RECOMMENDATIONS 

In conclusion, interface strength of woven fabric composite layers was studied 

using Mode II fracture mechanics testing.  Both carbon fiber and glass fiber composites 

were used with the vinyl ester resin.  Five phase of research were conducted, each 

looking at different aspects of the interface strength of composite layers.  First, the co-

cured composite interface strength was compared to that of the two-step cured interface 

as used in the scarf joint technique.  The test results showed that the two-step cured 

interface was as strong as the co-cured interface, and the former had even higher fracture 

toughness than the latter.  The conclusion is that the two-step cured interface is slightly 

better than the co-cured in terms of fracture toughness, however in terms of labor 

intensiveness, co-cure would be simply preferable. 

The second study applied carbon nanotubes to the composite interface using the 

two-step cured technique.  Mode II fracture testing was performed for the interface 

containing CNTs.  The results indicated a great improvement of the interface fracture 

toughness due to CNTs for both carbon and fiberglass composites. 

Finally, a study was conducted to detect interface crack growth using the CNTs 

introduced at the interface.  Because CNTs have high electric conductivity, the electric 

resistance was measured through the interface.  For fiberglass composites, due to their 

unusual paths of crack propagation, only the initial failure was detected through 

resistance.  Carbon composites however, as the interface crack grew under loading, a 

gradual increase of electric resistance was observed upon unloading.  As a result, the 

change of electric resistance in terms of crack length change was studied for carbon 

composite materials.  Unfortunately, due to uneven dispersion techniques, and other 

testing procedures, it could only be determined that a linear relationship exists for these 

carbon composite materials.  The study did show that using CNTs in carbon composite 

materials at a critical composite interface would not only strengthen its fracture 

toughness, but also detect crack growth. 
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Further research is necessary to verify the above findings and conclusions.  Tests 

already conducted should be run again at different levels of CNTs concentrations, as well 

as with a better CNTs dispersion method.  This will lead to closer resistance readings 

from coupon to coupon, and a more accurate crack length change to resistance 

relationship.  When conducting any resistance tests, exact locations for test equipment, 

mainly the multi-meter clips, should be marked and used for all tests. 

Furthermore, Mode I tests and Mixed Mode I-Mode II tests should be conducted 

while measuring the conductivity of composite materials.  In actual structures, the stress 

will rarely be purely Mode II, and so all possibilities must be fully studied.  Further 

research is also needed to determine feasible manufacturing practices for local CNT 

dispersion. 
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APPENDIX A:  TWO-STEP CURED AND CO-CURED CRITICAL 
STRAIN ENERGY RELEASE RATES (GII) 

Two-Step Cured 

Sample GIIC (N/m) C (m/N) Pc (N) L (cm) a (cm) b (cm) 
2D 1.016E+03 9.4697E-06 713.901 6.5 2.6 2.40 
2E 9.533E+02 8.6957E-06 721.556 6.5 2.6 2.40 
2G 6.521E+02 6.7340E-06 608.57 6.0 2.6 2.40 
2H 7.168E+02 7.0771E-06 643.331 6.0 2.5 2.40 
2I 6.745E+02 9.2507E-06 545.831 6.0 2.5 2.40 

 

Co-Cured 

Sample GIIC (N/m) C (m/N) Pc (N) L (cm) a (cm) b (cm) 
1C 8.905E+02 1.0905E-05 584.557 6.5 2.8 2.40 
1D 8.741E+02 1.1186E-05 589.716 6.5 2.7 2.40 
1E 8.850E+02 1.1236E-05 592.069 6.5 2.7 2.40 
1F 5.933E+02 9.0909E-06 534.883 6.0 2.4 2.40 
1G 6.372E+02 9.2851E-06 512.308 6.0 2.6 2.40 
1H 7.500E+02 9.7182E-06 511.263 6.0 2.8 2.40 
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APPENDIX B:  CARBON COMPOSITE WITH CNT RESISTANCE 
DATA PHASE III 

Sample 

Number 

Initial 

Resistance 

(Ohms) 

Average 

Resistance 

During 

Testing 

(Ohms) 

Resistance 

in Bent 

Position 

(Ohms) 

Resistance 

in Flat 

Position 

(Ohms) 

Percent 

Increase in 

Resistance   

1 173.3 173.1 173.5 182.2 5.14% 

2 26.5 26.5 26.9 28.1 6.04% 

3 49.3 49.2 49.2 51.2 3.85% 

4 71.6 71.6 71.1 73.1 2.09% 

5 232.5 234.9 235.2 241.4 3.83% 

6 287.2 286.4 277.6 293.1 2.05% 

7 74.5 85.2 75.2 123.4 65.64% 

8 1081.0 1043.5 1046.0 1112.0 2.87% 

9 455.6 281.1 148.5 622.8 36.70% 

10 252.5 300.1 288.8 326.2 29.19% 

Group 

Averages 
270.4 255.2 239.2 305.4 15.7% 
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APPENDIX C:  PURE CARBON COMPOSITE RESISTANCE DATA 
PHASE III 

Sample 

Number 

Initial 

Resistance 

(Ohms) 

Average 

Resistance 

During 

Testing 

(Ohms) 

Resistance 

in Bent 

Position 

(Ohms) 

Resistance 

in Flat 

Position 

(Ohms) 

Percent 

Increase in 

Resistance   

1 91.25 25.93 16.61 76.60 -16.05% 

2 9.16 4.27 3.67 6.23 -31.99% 

3 1750.00 322.15 8.75 5500.00 214.29% 

4 9.73 7.50 7.94 9.82 0.92% 

5 18.10 10.64 5.05 18.10 0.00% 

6 35.30 9.71 10.80 38.40 8.78% 

7 453.00 8.82 5.21 71.30 -84.26% 

8 435.20 58.56 4.30 454.00 4.32% 

9 230.00 6.37 4.55 59.50 -74.13% 

10 17900.00 23.00 7.25 1270.00 -92.91% 

Group 

Averages 
2093.17 47.69 7.41 750.40 -7.10% 
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APPENDIX D:  CARBON COMPOSITE WITH AND WITHOUT CNT 
CRITICAL STRAIN ENERGY RELEASE RATES (GII) 

With CNT  

Sample GIIC (N/m) C (m/N) Pc (N) L (cm) a (cm) b (cm)
1 1.069E+03 1.8797E-05 480.229 8.0 4.0 2.40 
2 1.161E+03 1.7953E-05 512.076 8.0 4.0 2.40 
3 1.056E+03 1.6129E-05 515.066 8.0 4.0 2.40 
4 1.103E+03 1.5898E-05 530.225 8.0 4.0 2.40 
5 1.208E+03 1.9084E-05 506.515 8.0 4.0 2.40 
6 1.023E+03 1.5361E-05 519.672 8.0 4.0 2.40 
7 1.272E+03 1.7123E-05 548.763 8.0 4.0 2.40 
8 9.998E+02 1.6835E-05 490.636 8.0 4.0 2.40 
9 1.244E+03 1.7483E-05 537.113 8.0 4.0 2.40 
10 1.116E+03 1.6367E-05 525.651 8.0 4.0 2.40 

 

Without CNT 

Sample GIIC (N/m) C (m/N) Pc (N) L (cm) a (cm) b (cm)
3 8.392E+02 1.8519E-05 395.551 7.5 4.0 2.40 
4 8.207E+02 1.6892E-05 409.557 7.5 4.0 2.40 
5 9.486E+02 1.6313E-05 448.06 7.5 4.0 2.40 
6 1.045E+03 1.6892E-05 462.116 7.5 4.0 2.40 
7 7.502E+02 1.8692E-05 372.25 7.5 4.0 2.40 
8 9.106E+02 1.9920E-05 397.264 7.5 4.0 2.40 
9 1.042E+03 1.7483E-05 453.597 7.5 4.0 2.40 
10 8.431E+02 1.5504E-05 433.296 7.5 4.0 2.40 
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APPENDIX E:  FIBERGLASS COMPOSITE WITH CNT 
RESISTANCE DATA PHASE IV 

Sample 

Number 

Initial 

Resistance 

(Ohms) 

Average 

Resistance 

During 

Testing 

(Ohms) 

Resistance 

in Bent 

Position 

(Ohms) 

Resistance 

in Flat 

Position 

(Ohms) 

Percent 

Increase in 

Resistance   

1 38,120 38,572 39,950 44,550 16.87% 

2 357,100 336,850 404,100 455,300 27.50% 

4 73,090 74,531 88,100 146,500 100.44% 

7 717,600 742,434 939,200 909,200 26.70% 

Group 

Averages 
296,477 298,096 367,837 388,887 42.9% 
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APPENDIX F:  FIBERGLASS COMPOSITE WITH AND WITHOUT 
CNT CRITICAL STRAIN ENERGY RELEASE RATES (GII) 

With CNT  

Sample GIIC (N/m) C (m/N) Pc (N) L (cm) a (cm) b (cm) 
1 9.803E+02 1.3106E-05 550.607 8.0 4.0 2.40 
2 1.109E+03 1.2516E-05 599.307 8.0 4.0 2.40 
4 1.054E+03 1.2063E-05 595.245 8.0 4.0 2.40 
5 7.802E+02 1.3986E-05 475.502 8.0 4.0 2.40 
6 9.257E+02 1.1148E-05 580.161 8.0 4.0 2.40 
7 1.099E+03 1.2788E-05 590.156 8.0 4.0 2.40 
8 1.084E+03 1.1481E-05 618.6 8.0 4.0 2.40 
9 8.641E+02 1.2610E-05 527.009 8.0 4.0 2.40 
10 8.978E+02 1.3986E-05 510.099 8.0 4.0 2.40 

 

Without CNT 

Sample GIIC (N/m) C (m/N) Pc (N) L (cm) a (cm) b (cm) 
1 6.181E+02 1.2315E-05 451.026 8.0 4.0 2.40 
2 6.142E+02 1.2121E-05 453.201 8.0 4.0 2.40 
3 7.960E+02 1.2392E-05 510.283 8.0 4.0 2.40 
4 5.929E+02 1.0091E-05 450.409 7.5 4.0 2.40 
5 6.796E+02 1.0395E-05 475.106 7.5 4.0 2.40 
6 6.245E+02 1.0604E-05 450.901 7.5 4.0 2.40 
7 4.611E+02 9.4162E-06 378.589 7.0 4.0 2.40 
8 6.594E+02 9.4877E-06 451.02 7.0 4.0 2.40 
9 6.475E+02 8.6505E-06 430.048 6.5 4.0 2.40 
10 6.594E+02 9.2081E-06 420.631 6.5 4.0 2.40 
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APPENDIX G:  FIBERGLASS COMPOSITE WITH CNT 
RESISTANCE DATA PHASE V 

Each coupon was tested at least three times using the following procedure. 

 1) Measure the crack length and initial resistance reading 

 2) Load and unload the coupon allowing no crack to propagate 

 3) Measure the resulting resistance reading 

Each of the rows below represents the different trial runs for each sample. 

Coupon 1: 

New Crack 
Length (cm) 

Initial Resistance 
Reading (ohms) 

Load 
(N) 

Final Resistance 
Reading (ohms) 

Percentage 
Change  

6.4  44300 100 44500 0.45% 

6.4  44500 100 44600 0.22% 

6.4  44600 100 44700 0.22% 

       Average:   0.30% 

Coupon 2: 

New Crack 
Length (cm) 

Initial Resistance 
Reading (ohms) 

Load 
(N) 

Final Resistance 
Reading (ohms) 

Percentage 
Change 

6.2  771100 100 820100 6.35% 

6.2  739000 100 739200 0.03% 

6.2  739200 100 709000 4.09% 

           Average:   3.49% 

Coupon 4: 

New Crack 
Length (cm) 

Initial Resistance 
Reading (ohms) 

Load 
(N) 

Final Resistance 
Reading (ohms) 

6.5  285500 100 over 1 MΩ 
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Coupon 7: 

New Crack 
Length (cm) 

Initial Resistance 
Reading (ohms) 

Load 
(N) 

Final Resistance 
Reading (ohms) 

Percentage 
Change 

6  912600 100 891200 2.34% 

6  914400 100 908200 0.68% 

6  904600 100 871100 3.70% 

       Average:   2.24% 
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APPENDIX H:  CARBON COMPOSITE WITH CNT RESISTANCE 
DATA PHASE V 

Each coupon was tested at least three times using the following procedure. 

 1) Measure the crack length and initial resistance reading 

 2) Load and unload the coupon allowing no crack to propagate 

 3) Measure the resulting resistance reading 

Each of the rows below represents the different trial runs for each sample. 

Coupon 1: 

New Crack 
Length (cm) 

Initial Resistance 
Reading (ohms) 

Load 
(N) 

Final Resistance 
Reading (ohms) 

Percentage 
Change 

5.7  182.1 50 182.3 0.11% 

5.7  180.8 50 181.8 0.55% 

5.7  181.5 50 181.9 0.22% 

        Average:   0.29% 

Coupon 2:  

New Crack 
Length (cm) 

Initial Resistance 
Reading (ohms) 

Load 
(N) 

Final Resistance 
Reading (ohms) 

Percentage 
Change 

5.5  28.9 50 28.8 0.35% 

5.5  28.8 50 28.7 0.35% 

5.5  28.8 50 28.9 0.35% 

        Average:   0.35% 

Coupon 3: 

New Crack 
Length (cm) 

Initial Resistance 
Reading (ohms) 

Load 
(N) 

Final Resistance 
Reading (ohms) 

Percentage 
Change 

6.3  51.3 50 51.7 0.78% 

6.3  50.5 50 51.6 2.18% 

6.3  51.2 50 51.6 0.78% 

6.3  51.2 50 51.5 0.59% 

       Average:   1.08% 
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Coupon 4: 

New Crack 
Length (cm) 

Initial Resistance 
Reading (ohms) 

Load 
(N) 

Final Resistance 
Reading (ohms) 

Percentage 
Change 

5.8  67.2 50 67 0.30% 

5.8  67 50 66.9 0.15% 

5.8  67 50 67.1 0.15% 

        Average:   0.20%

 Coupon 5: 

New Crack 
Length (cm) 

Initial Resistance 
Reading (ohms) 

Load 
(N) 

Final Resistance 
Reading (ohms) 

Percentage 
Change 

5.6  365.1 50 370.1 1.37% 

5.6  372.2 50 371.1 0.30% 

5.6  370.1 50 371.4 0.35% 

        Average:   0.67% 

 Coupon 6: 

New Crack 
Length (cm) 

Initial Resistance 
Reading (ohms) 

Load 
(N) 

Final Resistance 
Reading (ohms) 

Percentage 
Change 

6.1  93.5 50 101.7 8.77% 

6.1  108.4 50 108.6 0.18% 

6.1  99.4 50 103.2 3.82% 

        Average:   4.26% 

Coupon 8: 

New Crack 
Length (cm) 

Initial Resistance 
Reading (ohms) 

Load 
(N) 

Final Resistance 
Reading (ohms) 

Percentage 
Change 

7.2  839.2 50 836.7 0.30% 

7.2  840.1 50 846 0.70% 

7.2  847.7 50 847.7 0.00% 

        Average:   0.33% 

 Coupon 9: 

New Crack 
Length (cm) 

Initial Resistance 
Reading (ohms) 

Load 
(N) 

Final Resistance 
Reading (ohms) 

Percentage 
Change 

6.6  157.7 50 163 3.36% 

6.6  161.2 50 159.1 1.30% 

6.6  160.5 50 160.5 0.00% 

        Average:   1.55% 
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Coupon 10: 

New Crack 
Length (cm) 

Initial Resistance 
Reading (ohms) 

Load 
(N) 

Final Resistance 
Reading (ohms) 

Percentage 
Change 

6.6  276.5 50 278.1 0.58% 

6.6  276.1 50 276.6 0.18% 

6.6  276.6 50 256.6 7.23% 

        Average:   2.66% 
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