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Abstract 

This research will be divided into two sections. The first section discusses direct ink 

writing and thermomechanical characterization for thermoset composites. The thermoset ink is 

prepared with fillers aiding the printing process by modifying the rheology of the ink and 

geometry retention by allowing for the part to have an initial UV cure step. Three specimen 

formulations with different weight percentages were printed by material extrusion in the shape of 

tensile specimens following ASTM standard D638 to characterize the mechanical properties at 

room temperature, 100℃ and 200℃. Furthermore, the ink resin was characterized through DSC, 

TGA, and rheology testing. The second section will discuss the detection of intentional defects 

on both curved and planar carbon fiber composites through non-destructive evaluation (NDE) 

methods. The main NDE technique used is ultrasonic testing (UT) by using a phased array probe. 

Different planar and curved composites were produced by compression pressing and molded 

vacuum bagging. UT was used to detect defects such as delaminations and inclusions at different 

layers, locations, and sizes.  The data acquired from the composite panels was utilized to train an 

AI model to detect the category of defects, location, and depth. 
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Chapter 1: Direct Ink Write of UV Curable Thermoset Resins 

INTRODUCTION 

There has been an increased interest in additive manufacturing (AM) technologies, also 

known as 3D printing, due to their ability to create complex designs not commonly accessible to 

traditional manufacturing methods. This paper focuses on the AM process category of material 

extrusion (MEX) specifically on the technology of Direct-Ink-Writing (DIW). DIW is an 

extrusion-based additive manufacturing method which focuses on the printing of materials 

known as “inks”, these materials are typically in a liquid state and can be printed at room 

temperature by being deposited along a substrate following the paths defined from a 3D 

structure. 1 Some of the main differences for DIW when compared to fused deposition modeling 

(FDM) is its ability to deposit material in room-temperature environments in the form of an ink, 

to build complex structures. 2 The technologies of DIW and FDM are used to print synthetic 

polymers. However, the FDM technology focuses on printing on thermoplastic polymers; in 

contrast, the DIW technology focuses on printing thermosets, ceramic slurries, and practically 

any material that can be engineered to demonstrate the appropriate rheological behavior.3 

Furthermore, DIW technologies typically use a pneumatic control system to extrude materials 

from a reservoir. FDM systems use feeding gears to grip and pass the filament through a heater 

block which melts the thermoplastic material. The figure below represents and contrast the 

schematics for FDM and DIW. 

 
1  
2  
3  
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Figure 1.1: Schematic of an FDM 3D Printer4 

 

Figure 1.2: Schematic of an DIW 3D Printer5 

Contrasting the extrudable polymers used for both material extrusion systems, the 

thermoplastics solidify as they cool down after being melted and selectively deposited. These 

thermoplastics can be melted and re-shaped as many times as desired. However, the thermosets 

experience a process known as crosslinking during the curing process, which is an irreversible 

process allowing for the molecules to chemically bond. The thermoset materials are made up of 

monomers and pre polymers which bond allowing for the networks to polymerize, creating the 

crosslinked networks. The crosslinks formed during curing are not present in thermoplastics. 

Figure 1.3 demonstrates an illustration comparing the molecular structures for thermoplastics and 

thermoset polymers. 

 
4  
5  
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Figure 1.3: Molecular Structure of Polymers6 

 

 The curing process for the thermoplastic materials is completely reversible and no 

chemical bond occurs. These crosslinks allow for the thermosets to achieve incredible strengths 

and environmental resistance, being far superior at high temperature applications as opposed to 

thermoplastic materials. Furthermore, these crosslinks allow for thermosets to obtain high levels 

of resilience, chemical resistance, typically suited for aerospace applications.  Although, the 

thermoplastic materials still exhibit superiority in its recyclability and reshaping factor. 

 

Figure 1.4: Thermoplastics and Thermosets Comparison7 

 
6  
7  
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Cyanate esters are a group of thermosetting resins exhibiting a high glass transition 

temperature. The cyanate ester materials have been a focus in research due to their processability 

as compared to thermoset epoxies and their high thermal stability. The glass transition 

temperature is the mid-point at which the amorphous polymer, in this case the thermoset, will 

shift from a glassy state into a rubbery state. During this rubbery state the material is softened 

although it does not experience melting.  

 

 
Figure 1.5: Crystalline and Amorphous Polymers Volume v Temperature Graph8  

 

Cyanate esters typically form through the curing of two functional cyanate end groups 

through a process known as cyclotrimerization. The cyclotrimerization occurs with the addition 

of a metal catalyst or by the addition of temperature. This process allows for the creation of 

aromatic rings, giving the polymers its high strength and temperature resistance. For cyanate 

triazine structures, which are highly temperature resistant, are formed by cyanate end groups 

linking through oxygen bonds during the curing process. This characteristic enables these resin 

systems to achieve a thermal degradation temperature occurring at around 450℃.9  

 
8  
9  



5 

 

Figure 1.6: Cyanate Ester Structures10 

 

Due to the before-mentioned high thermally properties, high glass transition temperature, 

high strength, chemical resistance, and excellent dielectric properties. These cyanate ester 

polymers are typically used in a variety of applications and industries, including 

microelectronics, aircraft, aerospace, automotive, missiles, and antennae. 

This research will explore the ability to include fillers aiding in the printability and processability 

of high thermal performance polymers such as cyanate esters for direct ink write technologies. 

Furthermore, the prepared inks will be characterized thermo-mechanically to analyze their 

behavior as temperature is increased. This works aims to provide a comprehensive understanding 

of the performance of high temperature performance thermosets and their application in 

advanced industries. 

EXPERIMENTAL METHODS 

DIW Ink Preparation 

The manufacturing of printable ink resins includes 4 components. The major components 

included a cyanate ester resin commercially known as Primaset PT-30 (Arxada, Switzerland). A 

homopolymer known as Tri (2-hydroxyethyl) isocyanurate triacrylate (Sigma-Aldrich, USA, St. 

Louis, MO) which outclasses the glass transition temperature of other acrylate polymers. A 

chemical known as Garamite serving as a rheology modifier and providing structural support to 

 
10  
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the printed objects. The last component was a photo-initiator which created crosslinks with the 

acrylate as the ink was exposed to UV light. Different formulations were produced to analyze the 

weight percentage effect on the mechanical properties of the printed specimens. Ratios of 50/50, 

70/30, and 85/15 with increasing PT-30 content, were created. 

Curing Schedule 

PT-30 alone and inks prepared with different weight percentages followed the same 

thermal curing schedule as further described in this paragraph. Samples were thermally cured 

following a curing schedule of keeping the samples at 150℃ for 1 hour, followed by applying 

200℃ for 3 hours. At this point the samples have completely solidified, obtaining a brownish 

orange color. After the cure, a post-cure step is applied to fully obtain the desired thermal 

properties by keeping the samples at 260℃ for 1 hour. Inks prepared with acrylate and other 

fillers follow the same curing schedule being preceded by a UV curing step applying the UV 

wavelength of 365nm for 10 minutes after the samples have been printed. 

 

Rheology Testing 

Inks without the Garamite modifier exhibit a Newtonian flow behavior. Garamite was 

added to induce a thixotropic effect allowing for the fluid to become fluid as a shear load is 

applied. This phenomenon is otherwise described as shear-thinning, which is desired for DIW. 

Figure 1.7 better demonstrate the behavior of inks as increased percentages of Garamite are 

added. 
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Figure 1.7: Flow Curves for PT-30/Acrylate Inks with Different Garamite Percentages 

 

As observed from the flow curves, there is clear evidence that at increased Garamite 

percentages the shear-thinning effect is much more pronounced. However, inks with no Garamite 

content exhibit a low viscosity and Newtonian behavior. This would cause for the inks to flow 

out of the print nozzle, leading to no control over flowability of the material. Furthermore, no 

Garamite content led to spreading of the inks after being deposited and little self-support 

capabilities. Still with the Garamite being incorporated into the inks, the UV curing was still 

required as the structures were printed to prevent any spreading and collapsing of the structure. 

Oscillation Characterization 

Oscillation characterization for inks with 4% Garamite content was conducted to observe 

the behavior of the complex shear modulus. As observed in Figure 1.8, across all the oscillations 

ranges the storage modulus is greater than then loss modulus by nearly one order of magnitude. 

This indicates that the inks would flow freely even in the absence of applied shear stress. 
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Therefore, inks with increased Garamite content would be necessary to obtain self-supporting 

capabilities with minimal UV curing. 

 
Figure 1.8: Complex Shear Modulus Curves of PT30 Inks with 4% Garamite 

 

Thermogravimetric Analysis (TGA) 

TGA was performed on both, inks at different cure stages and PT-30 resin under different 

curing environments to analyze the mass loss at elevated temperatures. Figure 1.9 shows the 

TGA graphs for PT-30 at different curing environments and stages. Uncured samples had a mass 

loss of around 27% at a temperature of around 150℃ for tests done under oxygen and nitrogen 

environments. PT-30 that was cured until 200℃ does not exhibit the same thermal resistance as 

post-cured samples and a mass loss of around 10% is observed at around 175℃. PT-30 cured to 

260℃, following a curing schedule of 150℃ for 1 hour, 200℃ for 3 hours, and a post-cure at 

260℃ for 1 hour shows a better thermal resistance losing around 18% mass at 400℃. Still, there 

is an initial mass loss of 2% for samples post cured at 260℃ due to some uncured cyanate 

groups degrading. 
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Figure 1.9: TGA of PT-30 at Different Cure Stages 

 

TGA was performed for the inks at different cure stages as well. TGA was performed in 

an air environment for inks which were only UV cured, inks being cured at 200℃ and inks post-

cured at 260℃. Figure 1.10 shows the TGA curves of these three inks under curing conditions. 

For inks which were only UV cured, there is a mass loss of around 10% experienced at a 

temperature of 230℃. This mass loss can be attributed to cyanate end-groups degradation due to 

the thermal cure not being applied. The incorporation of acrylate resulted in a mass loss of 5% up 

until the temperature of around 380℃ being a lower temperature than that at which Pt-30 alone 

starts degradation. Pt-30 by itself I still able to better retain its mass at higher temperatures, as 

seen from comparing both graphs at temperatures above 400℃. However, the degradation 

temperatures shown by TGA demonstrate the competitive thermal resistance that the prepared 

inks possessed while being applicable for additive manufacturing technologies. However, it’s 
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important to consider that greater percentages of PT-30 will allow for the inks to retain more of 

their mass as temperature is increased. 

 
Figure 1.10: TGA of PT-30/Acrylate Inks at different cure stages 

 

Dynamic Mechanical Analysis (DMA) 

Similarly, to TGA, DMA sample were prepared by casting rectangular samples out of 

manufactured inks and pure PT-30. As seen in figure 1.11 DMA testing was performed on 

samples made of PT-30 only, which went through the entire curing process. The graphs represent 

an initial steady decrease in storage modulus changing from 2.90 GPa to 1.25 GPA. After 

reaching a temperature of 300℃, the storage modulus stabilizes until we see a decrease at the 

temperature of 380℃, which indicates that the glass transition temperature of the material is 

above 405℃. From the TGA results, testing was not done at higher temperatures than 405℃ to 

avoid decomposition and possibly contaminating testing equipment. However, the results still 

demonstrate that the polymer can maintain its high mechanical properties at elevated 
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temperatures. Due to the limitations of the test, the peaks of the loss modulus and the tan delta 

were not reached. 

 
Figure 1.11: DMA of Fully Cured PT-30 samples 

 

DMA done on inks consisted of testing done for samples which only went 

through UV curing and samples which completed the thermal curing along with the UV cure. 

Figure 1.12 shows the curve results for the specimens which exclusively went through the UV 

cure. From the DMA results, a fluctuation can be observed in the mechanical properties of the 

prepared ink materials. The UV-cured samples show two main peaks which correspond to the 

main polymer components. These peaks represent the glass transition temperatures for PT-30 

and Acrylate. We initially see the first glass transition temperature for Acrylate occurring near 

the 200℃ temperature and a second peak near the 300℃ temperatures at which some mass loss 

was previously observed during TGA testing. 
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Figure 1.12: DMA of UV Cured PT-30/Acrylate Samples 

 

Lastly, DMA testing was done on PT-30/Acrylate samples that had gone through a post-

curing process. Figure 1.13 shows the complex modulus for the cured sample. A similar peak 

was observed at the temperature of 300℃, confirming the glass transition temperature for the 

tested DMA samples. A similar behavior is observed where the storage modulus decreases at the 

degradation temperature is approached while the tan delta increases, which indicates the glass 

transition temperature. Comparing these results to PT-30 alone, there is a clear decrease in the 

glass transition temperature of the material, although the material is still able to retain its 

properties at high temperatures with a similar thermal degradation to pure pt-30. By comparing 

these results to the previous DMA on samples which were not cured thermally, we can see that 

only one tan delta peak is shown indicating a single glass transition temperature even if both of 

the polymer components were not chemically bonded. This confirms the ability of these two 

polymer systems to form an interpenetrating polymer network (IPN). Furthermore, these results 

demonstrate the potential that these polymers have in forming an IPN network while maintaining 

properties similar to pure PT-30. 
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Figure 1.13: DMA of Thermally Cured PT-30/Acrylate Samples 

 

Interpenetrating Polymer Networks (IPN) 

In an interpenetrating polymer network polymers are combined without bonding together 

at the chemical level. This allows for both polymer systems to closely entangle together, 

becoming solid by forming two separate cross-linked networks while maintaining similar 

properties to their pure counterparts. This is one of the most popular methods for modifying 

cyanate ester resins and allowing for new functionalities to arise from introducing new cross-

linked networks. The interpenetrating polymer networks allow for the 3D printing of high 

thermal performance thermosets by applying a two-step cure as depicted in Figure 1.14. 

 
Figure 1.14: Two-step curing process for PT-30/Acrylate11 

 
11  
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DIW printing of PT-30/Acrylate Samples 

For the printing of all samples, a standard DIW printing system using the System 30 M 

printer along with a KR2-15 print head (Hyrel, USA, Norcross, GA). The KR2-15printhead is 

equipped with a software-controlled UV array system allowing for the duty control of the UV 

array from 0% to 100%. This facilitated the printing and consolidation of the print by 

commencing the crosslink process for the acrylate and the photo-initiator. The printer had the 

capability of using several print heads at once, allowing for multi-material printing. However, for 

this experiment a single print head was used. The printhead consisted of a stainless-steel 

reservoir, PCBs, which connected the print head to the printer, and a stepper motor which 

applied torque to push down on the reservoir and extrude material. The reservoir had a variety of 

tip attachments; for this experiment the tapered tip nozzles of 18 gauge were used to print 

specimens. Figure 1.15 shows illustrations for the printhead and printing system. 

a) b) 

Figure 1.15: a) KR2-15 Printhead b) Hyrel System 30M Printer 12 

 

 
12  
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The type of specimens printed where tensile testing specimens following ASTM standard 

d638, standard test method for tensile properties of plastics. This testing standard covers the 

specimen types for un-reinforced plastic materials using samples shaped as “dog bones”. The 

dimensions for the tensile specimen type V were the most appropriate for this type of testing and 

chosen to print the testing specimens.  

 
Figure 1.16: Tensile Testing Specimens for ASTM D63813 

 

While printing the tensile specimens the infill was selected as rectilinear in the slicer 

software. The rectilinear infill allowed for an initial vertical infill following the contour shape of 

the tensile specimen. Once the vertical infill had concluded, it would continue to infill in a 

horizontal pattern filling the contour of the specimen. This pattern would alternate between 

vertical and horizontal until the sample had completed printing. Figure 1.17 depicts the printing 

pattern used for tensile specimens along with the finalized printed green parts. 

 
13  
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a) b) 

Figure 1.17: a) Printing Pattern b) Finalized Green Part Prints 

 

 As previously mentioned, a UV array was mounted directly below the reservoir above 

the nozzle tip, allowing for early UV curing of the inks. The UV array was mounted by using 

spacers and screws which directly connected to the reservoir’s housing through threaded orifices.  

 
Figure 1.18: Print Head UV Array 

 

Materials where printed on a metal substrate covered in Kapton tape in which they 

were UV cured for 15 minutes to ensure the proper formation of cross-link networks via UV 

cure. After completing the UV cure, the materials were applied its regular thermal cure to obtain 

its desired thermal resistivity properties. Due to the brittleness of the material, after being cured, 

it was required to heat the samples to a temperature of 100℃ for 5 minutes, then separate the 

samples from the substrate using a blade. If this procedure was not followed it would usually 

result in the specimens breaking or fracturing, making them unusable for tensile testing.  
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Figure 1.19: Fractured Specimens  

 

 
Figure 1.20: Successfully Printed Specimens 

 

Tensile Testing at Elevated Temperatures 

Tensile testing was done on manufactured 50/50, 70/30, and 85/15 specimens. These 

specimens were tested under three main temperatures, at room temperature, 100℃ and 200℃. 

All of the testing was performed in an Instron testing load cell of 50 kn. Additionally, an 

environmental chamber from Instron was used to apply the necessary temperatures to the test. 

Figure 1.21 shows the testing load cell and environmental chamber used for tensile testing. For 

specimens tested at 100℃, the samples were allowed to soak in the temperature for 10 minutes. 

For samples tested at 200℃, the samples were allowed to soak in the temperature for 20 minutes. 

Upon completion of the soaking times, the specimens were tested. 
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Figure 1.21: Instron Load Cell and Enviromental Chamber 

 

Specimens were tested using the rate of 1 mm/min as specified in ASTM D638. 

Specimens were marked at the narrow section using a black marker having a length of 9.53mm 

and at the specified gage length of the specimen using a silver marker by marking dots at the 

total length of 7.62mm on the middle section. To validate the tensile testing results, it’s required 

for the specimens to fail between the marked gage sections as shown in Figure 1.22. A total of 5 

specimens must be tested for each condition and must fail between the marked gage sections for 

the necessary data under each weight percentage and temperature condition. Necessary 

dimensions for the testing calculations include the width of the middle section, the thickness of 

the middle section, the overall length of the specimen, and the fixture separation. Often it was 

necessary to use sandpaper to achieve an abrasive finish on the specimen; otherwise slipping of 

the specimen would occur, prolonging the tensile test and giving inconsistent stress vs strain 

graphs. Figure 1.22 demonstrates a specimen which failed in the appropriate area for the results 

to be valid. 
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Figure 1.22: Tensile Specimen with Valid Tensile Failure 

RESULTS 

Testing at Room Temperature 

The specimens containing a formulation of 50/50 demonstrated the highest strength at 

room temperature. The second highest strength was demonstrated by the 70/30 samples. Lastly, 

the 85/15 samples demonstrated the specimens with the lowest strength. Although, cyanate esters 

are attributed to having high strengths, the high crosslink structures cause formulations with 

higher PT-30 content to be more brittle. Although, specimens with lower pt-30 content will not 

be able to retain their strength at higher temperatures. Table 1.1 displays the average tensile 

strength results for the specimens tested at room temperature. 

 

Table 1.1:  Room Temperature Testing Results 

Specimen Formulation (PT-30/Acrylate) Tensile Strength (MPa) 

50/50 57.36 

70/30 29.73 

85/15 14.16 
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Testing at 100℃ 

As previously stated, 50/50 specimens were the strongest at room temperature testing; 

however, these specimens lose their strength drastically as it is exposed to higher temperatures 

by losing 53% of its original strength. The specimens with a formulation of 70/30, was able to 

retain its strength by losing only 4.2% of its original strength. Lastly, specimens with a 

formulation of 85/15 saw a surprising increase in strength by 50%. These are attributed to the 

softening of the cured polymer allowing for the increased strain without a fracture occurring. 

This is further confirmed by specimens obtaining a lower modulus at higher temperature 

exposures, which further decreases the stiffness of the materials. Results are shown in Table 1.2 

 

Table 1.2: 100℃ Testing Results 

Specimen Formulation (PT-30/Acrylate) Tensile Strength (MPa) 

50/50 27.12 

70/30 28.48 

85/15 21.23 

 

Testing at 200℃ 

Specimens with a 50/50 formulation continue to lose its strength, although at 200℃ 

much more strength is conserved as theses specimens lost 3.58% from the original average 

strength obtained from the testing at 100℃. The 70/30 specimens were able to retain their 

strength by only losing 6.74%. Lastly, the 85/15 specimens experienced a higher lose in its 

strength at it has previously increased during the testing at 100℃. Ultimately the specimens with 

higher PT-30 content still fail due to its brittle nature. Testing results are recorded in Table 1.3. 
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Table 1.3: 200℃ Testing Results 

Specimen Formulation (PT-30/Acrylate) Tensile Strength (MPa) 

50/50 26.15 

70/30 26.56 

85/15 16.32 

 

CONCLUSION 

In conclusion, high performance resins such as phenolic cyanate esters were successfully 

printed with the addition of fillers. These fillers allowed for the formation of an inter-penetrating 

network, further adding new functionalities to the high-performance thermosets. By introducing 

the correct fillers, the thermoset resin was successfully printed while retaining its shape by in-

situ UV curing, followed by a thermal cure to obtain the desired thermal properties. Furthermore, 

specimens with different formulations were thermo-mechanically characterized. The different 

ink formulations demonstrated a competitive thermal resistance as compared to pure PT-30 with 

added functionalities. Specimens having a 50/50 formulation demonstrated the best printing 

accuracy characteristics along with superior tensile properties at room temperature. Specimens at 

70/30 combined geometric accuracy, strength, and thermal resistivity, being the best overall 

ratio. 85/12 specimens demonstrated interesting behavior by seeing an increase in tensile 

strength and higher thermal stability at elevated temperatures, although much of the geometric 

accuracy is lost during printing. This work successfully represents the ability for thermosets to be 

modified for additive manufacturing technologies with similar thermal performance. 

 

FUTURE WORK 

Future work recommends the inclusion of strength-enhancing fillers, which counter the 

brittle properties of the high temperature cyanate ester resins. Recommended strength enhancing 

fillers include milled carbon fiber, chopped carbon fiber, or continuous carbon fiber. These 

carbon fiber fillers will additionally contribute to the thermal stability of these suggested 
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composite materials through DIW. Figure 1.23 demonstrates some test prints using 0.5% of 

milled carbon fiber added to 85/15 ink. 

 
Figure 1.23: DIW Specimens with Added Milled Carbon Fiber 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



23 

Chapter 2: Non-Destructive Evaluation and Testing of Carbon Fiber Curved Composites 

INTRODUCTION 

Non-destructive testing (NDT) is a process of inspecting, testing, or evaluating individual 

parts or parts of larger assemblies without destroying or rendering them unusable. This allows 

for the parts to continue being used after the inspection is complete. Typically, these 

technologies are used to find a variety of characteristics inside inspected materials. Some 

characteristics include mapping corrosion inside the material, discontinuities, delaminations, 

finding cracks in the material, or discovering foreign objects trapped inside the material. 

Currently in industry there are several methods of NDT which allows for a greater quality 

control in manufactured materials and an ease of inspection without destroying the material. 

Furthermore, this allows to inspect the integrity of the material to ensure its reliability and safety 

while in application.14 

There is a wide range of NDT technologies including radiographic testing (RT), infrared 

testing (IR), electromagnetic testing (ET), vibration analysis (VA), and ultrasonic testing (UT) to 

mention a few. During this chapter ultrasonic testing will be discussed in detail. 

In UT inspection technologies, an ultra-high frequency noise signal is outputted by the 

inspection probe, which travels through the inspected material. Once these materials encounter a 

foreign boundary, for instance air, the signal will bounce back to the probe from which an image 

is generated from the data collected. These signals are produced using the piezoelectric 

component which is housed in the scanning probe. As a voltage is applied to the piezoelectric 

component, it generates a sound wave which travels through the material. This signal bounces 

back to the probe which generates the image of the scan. The probe is able to find defects or 

flaws in the composite as the signal is reflected once it meets the discontinuity in the material or 

defect, part of the reflected energy will travel back to the probe generating a reading which 

characterizes the defect, while the remaining energy will travel the rest of the inspected material 

 
14  
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and bouncing to the probe once it meets a boundary. Figure 2.1 shows a schematic which further 

represents the mechanisms in which the UT system detect defects. Some of the typical coupling 

fluids used for UT include water, oil, and gel. 

 
Figure 2.1: NDT Schematic15 

The goal of this project is to create an artificial intelligence model which is able to 

identify the depth, location, and defect type of curved composite materials. This is done to 

further decrease the cost and inspection time from manual inspection, which often requires an 

export for it to be accomplished. Furthermore, the visualization and characterization of defects 

will be explored in curved composite materials using C-Scan and B-Scan reading. 

 

EXPERIMENTAL METHODS 

Composites Manufacturing  

Curved composites were manufactured by manual hand layup and cured at room 

temperature by vacuum bagging molding. Additionally, a curved mold was printed using FDM 

technologies to shape the composite to its desired curve. The mold was around 30 inches in 

length and around 30 inched in width, with a height of a round 5 inches. Two parts of the mold 

 
15  
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were printed to achieve a superior surface finish which matched the desired curvature. The CAD 

model represented in Figure 2.2 demonstrate the dimensions and geometry of the printed mold.   

 

  
Figure 2.2 Composite Mold CAD Models 

 

Layers utilized for the composite layup included nylon bagging, release film, breather 

film, and the unidirectional carbon fibers for the composite material. The release film served as a 

releasing media from the mold while giving a glossy surface finish to the carbon fiber composite 

which influences the quality of the collected scan data. The breather film was used as an air path 

for air to consistently flow out of the vacuum bagging enclosure. Lastly, the vacuum bagging 

along with a, through bag connector, and a vacuum pump, removed the air trapped inside the 

vacuum bagging allowing for atmospheric pressure to consolidate the composite fibers and 

remove excess resin. Unidirectional carbon fibers were used for the manufacturing of composites 

along with an epoxy-based resin along with a room temperature cure catalyzer. Dry fibers hand-

layup was chosen as the manufacturing method as the size of the mold and vacuum bagging was 

much larger compared to the available curing ovens at the research facility. However, due to 

good craftmanship practices, composite panels with great quality, and surface finishes were 

manufactured. Figure 2.3 Represents the final vacuum bagging set-up with vacuum being 

applied. 
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Figure 2.3 Composite Layup with Vacuum Applied 

Composites were manufactured at a variety of layers ranging from 10 to 26 carbon fiber 

layers to investigate the representation of defects in scans based on the thickness and number of 

layers. Composites having the dimensions of 30” x 30” were initially manufactured with 

embedded defects such as inclusions and delaminations. Although, later composites were 

manufactured with the dimensions of 30” x 12” to further improve the manufacturing process 

and quality of the composite. Inclusion defects were replicated by placing foreign materials such 

as metal washers between the layers of the composite. Delamination defects were replicated by 

placing Teflon disks between the layers of the composite. Figure 2.4 demonstrates the embedded 

defects between the carbon fiber layers. After completing the composite layup, the vacuum was 

allowed to run for 24 hours until the composite piece was fully consolidated and cured. 

 

 
Figure 2.4: Carbon Fiber Composite Embedded Defects 
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 Figure 2.5 demonstrates some of the manufactured composites from which data was 

gathered to train the artificial intelligence model on. 

  
Figure 2.5: Manufactured Carbon Fiber Composites 

 

Ultrasonic Testing Equipment 

The Omniscan SX system from Olympus was used to take all the UT readings. Readings 

from the Omniscan were taken using a gain between 10 to 16 dB as the best results could be 

observed at this range. The selected probe to scan the curved composites was the NW-1 phased 

array probe, which specialized in the detection of delaminations, voids, and disbands. The NW-1 

was connected along with a wedge and an encoder wheel. The wedge served as the coupling 

device between the probe and the encoder wheel. The main purpose of the encoder wheel is to 

track the distance that the probe has traveled, which contributes to the accurate mapping of the 

scan data. Figure 2.6 shows the inspection probe and its components.  

  
Figure 2.6: NW-1 Probe and its Components 
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RESULTS  

The following images are produced by the collected data from the Omniscan system. 

Figure 2.7 shows a screen capture of the scans produced by the Omniscan system The top left 

image displays a C-Scan which is a representation of the top to bottom view of the composite 

based on the collected raster scans. The inclusion defects are found in the C-Scans represented as 

yellow, green, and blue colored circles.  Bounded in red squares are the detect inclusion defects. 

Below the C-Scan is the B-Scan which represents a side view of the composite materials cross 

section. The B-Scan displays an initial top wall being the top surface of the scanned material and 

a bottom wall being the boundary at which the signal returns to the probe. Although, in this 

specific section of the B-scans, defects were not detected and hence not displayed in the cross- 

section of the B-Scan.  

 

 
Figure 2.7: Omniscan Scan Readings 

Data was exported and reprocessed to generate an image based on the values given by the 

text file. Figure 2.8 shows the processed B-Scan images which better display the top wall, end 

wall, and defects found in the cross-section of the object. While exporting the B-Scan data, a 

total of 100 to 400 images can be generated based on the dimensions of the scanned object. 
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Figure 2.8: a) B-Scan Displaying Walls b) B-Scan Displaying Defects 

After generating the images from the exported data, the images were then labeled using a 

MATLAB application known as Image labeler. The image labeler allows for the creation of 

different object categories followed by bounding these objects in the image. The labels used for 

the labeling include wall, inclusion defect, and delamination defect. The exported labels then 

create a matrix of values indicating the section in which the wall is found or where the defect 

type is found. Figure 2.9 shows the display in MATLAB, in which a collection of images 

generated from the B-Scan are manually labeled to train the AI model. 
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Figure 2.9: Image Labeling Process 

Lastly, the model is trained based on the collected data form the image labeling, and 

tested on its defect detection by using scan images which were not used for the training of the 

model. The model then bounds the defect or wall found in the scanned images and assigns it a 

certainty score. The visuals in Figure 2.10 show how the model detects the defects shown in the 

scans and the various certainty scores assigned for each detection. 

a) b) 

Figure 2.10: a) Defect detection in the C-Scan b) Defect and Wall detection in the B-Scan 

 

CONCLUSION 

In conclusion, curved composites with intentional defects were successfully 

manufactured through methods of manual hand-layup and vacuum bagging curing. Both the 

delamination defects and inclusion defects were properly detected using UT technologies and 

visible for the inspectors to detect and label data to train the artificial intelligence algorithm. The 
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AI model successfully detected defects from the validation data, being able to find inclusion and 

delamination defects for the C-Scan while detecting walls, inclusions, and delaminations for the 

B-Scan. This work has successfully achieved the building of an artificial intelligence model 

being able to detect defects in a composite. 

 

FUTURE WORK 

Although the artificial intelligence model was able to detect inclusion and delamination 

defects, some areas to expand include the replication of porosity defects and wrinkles occurring 

during the manufacturing process. Porosity and wrinkles are proposed as the next steps for the 

project as there are some of the most common types of defects which occur in industry. 

Furthermore, the team continues to work on the visualization of this model for curved 

composites using tools such as unity. This will allow for shorter inspection times and a better 

understanding to the location and depth of defects in composite materials. 
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