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Abstract 

Composite structures have become a lucrative material choice for researchers throughout 

various sectors such as green energy, arctic travel, and aerospace application due to their light 

weight, high-bending to stiffness ratio, and job tailorable applications through material selection. 

With the increasing demand for new and better composite technologies growing each year it is 

imperative to investigate new materials and analytical options to help the composite field as a 

whole grow. In this report various materials and statistical applications have been studied 

regarding the constituent materials in sandwich composites. For core materials an additive 

manufactured photoreactive resin has been characterized for quasi-static properties at room and 

arctic temperature to pave the road for future geometric core implementations designed for arctic 

naval transportation. Uncertainty quantification has been applied to attach a statistical 

representation to vinyl-ester resin matrix systems to highlight influential parameters towards 

impact damage. Several systems of interlaminar reinforcement have been studied in the forms of 

Kevlar® pulp and vertically aligned carbon nanotubes (VACNT) in an effort to increase the 

damage tolerance within composite systems. Kevlar® pulp studies investigated the impact damage 

mitigation at room and arctic temperatures and a brief review was performed on the current state 

of vertically aligned carbon nanotube interlaminar reinforcement technologies. 
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Chapter 1: Quasi-Static Properties of Photoreactive Resin at Arctic Temperatures 

INTRODUCTION 

Over the years, massive melting of the Arctic Circle has opened new naval passages [1] 

respectively increasing naval travel for resource procurement, tourism, and fishing [2, 3]. 

However, navigating these Arctic waters poses substantial challenges for naval ships, including 

exposure to harsh environmental conditions such as corrosive saltwater [4], ice debris hazards [5], 

and extreme cold with temperatures plunging as low as -60°C [6]. These conditions can lead to the 

degradation of chemical and mechanical properties, jeopardizing the structural integrity and safety 

of naval structures [7]. These inhospitable conditions have the capacity to trigger the degradation 

of the chemical and mechanical properties of naval structures, thereby imperiling their structural 

integrity and safety. Consequently, the materials utilized in naval structures must meet the dual 

mandate of resilience in the face of Arctic harshness while preserving their mechanical attributes. 

In response to these formidable requirements, sandwich composites have emerged as a compelling 

solution for naval structures. These composites offer an array of advantages, marked by their 

lightweight nature, high stiffness-to-weight ratio, and an impressive strength-to-weight ratio [8]. 

At their core, sandwich composites comprise two thin yet remarkably stiff face sheets, responsible 

for carrying in-plane and bending forces [9], and a lightweight core tasked with managing the 

transverse loads [10].  

Emphasizing the vital role of the core material, it stands as an essential element in sandwich 

composites, profoundly influencing the overall performance of the composite structure while 

working collaboratively with the face sheets. Over the years, a great deal of research has covered 

a variety of traditional core materials, wood, cork, polymeric foam, and syntactic foam. Wood 

cores have been studied using balsa [11]–[18], beech [19], birch [20], oak [21], plywood [22], and 
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spruce [23], [24]. Wood cores offered economical renewable resource which observes in increase 

in mechanical properties at lower temperature resulting from hardening of the wood cell walls and 

stabilization of the crystalline structure [25]–[27], however the mechanical properties severely 

decreased in the presence of water moisture ingress softening the wooden cells [28]. Cork cores 

[16], [29], [30] were studied as another alternative for a renewable resource material. Cork cores 

observed an increase in mechanical properties at lower temperatures resulting from the 

embrittlement effect and stiffening of the crystalline arrangement [31]. The cork cores, however, 

suffer a decrease in mechanical properties when influenced by water due to plasticizing of the cork 

caused by water molecules [32]. Polymeric foam cores have been studied using polyester (PES) 

[33], polyethylene terephthalate (PET) [34], phenolic [35], polyimide (PIF) [36], 

polymethacrylimide (PMI) [37], [38], polypropylene [39], polyurethane (PUF) [40]–[56], and 

polyvinyl chloride (PVC) [57]–[75] due to their good corrosion resistant properties [33], light 

weight, and low water absorption [36]. The lower temperatures increased the mechanical 

properties of the foam core by stiffening the polymer cellular structure, however the embrittlement 

of the cellular structure resulted in foam breakage and crushing of the foam through deformation 

during loading and recovery/relaxation during unloading. Syntactic foam cores are formed using 

hollow particles or particulates dispersed within a matrix system. Studies have been conducted 

using various materials to develop these cores, such as Aluminum [76]–[78], cenospheres (fly ash) 

[67], [79]–[81], and hollow-glass [82]–[84], due to their tailor-made properties. Syntactic foams 

behaved similarly to polymeric foams under low temperature conditions, where an increase in 

mechanical properties is observed from the stiffened cell walls, but with the introduction of 

catastrophic failure induced by the embrittlement of the foam with no signs of deterioration before 

failure occurs [81]. 
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Outside of the traditional core materials, wood, cork, and foams, there has been a great 

interest in studying new material selections utilizing alternative core geometries. The new 

functional cores aim to reduce the overall weight of the core material [85] while 

maintaining/enhancing mechanical performance [86] through geometric designs. Studies 

investigating alternative core geometries have been performed using Nomex fibers [87]–[93], ABS 

plastic [94]–[96], acrylic [97], ASA plastic [96], carbon fiber [98], [99] cardboard [100], ceramic 

resin [101], E-Glass [102], Jute [103], PC plastic [95], PLA plastic [104]–[107], polyester [108], 

[109], shape memory polymers [110], Silicon Carbide (SiC) [111], [112], Titanium alloy [113], 

and tough nylon resin [99]. Using these materials, researchers have investigated studies using core 

geometries based on simpler designs such as, honeycomb cells [114]–[117] and pyramidal truss 

lattices [118]–[123], and novel designs such as auxetic lattices [124]–[130]. Simpler designs like 

honeycomb and pyramidal truss lattice cores are implemented to reduce the core weight while 

improving stiffness-to-weight ratios, and mechanical properties of the composite [119], [131]–

[138] More complex designs like the novel auxetic lattice studies aim to develop multi-purposed 

structures which can increase mechanical properties [139]–[142], enhance acoustic dampening 

[143], and increase energy absorption [144] resulting from its geometric design inciting a negative 

Poisson’s ratio [145]–[149]. 

While the arctic influence on the alternative geometry core studies is limited compared to 

traditional cores, the potential for use has been reported for simpler geometries. Li et al. [98] 

studied the influence of varying temperatures on mechanical properties for composite sandwich 

panels with pyramidal lattice truss cores (CSPPLTC). Shear tests and out-of-plane compression 

tests were performed in a range of temperatures from -90 °C to 180 °C using carbon fiber/epoxy 

systems for the face sheets and core. Their results illustrated an increase in compressive modulus 
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and strength at low temperature by 9.48% and 14.23% when compared to room temperature, and 

an increase to shear modulus and strength by 10.94% and 11.02% respectively when compared to 

room temperature. In the low temperature environment brittle failure was observed within the 

composite truss and is appropriated to the molecular chain mobility within the matrix being 

hindered by the lower temperature. 

St-Laurent et al. [91] performed compression after impact (CAI) studies on carbon epoxy 

composite sandwich panels with Nomex honeycomb cores at 25 °C, -70 °C, and -150 °C. Striker 

size and mass consisted of different combinations of 12.7 mm and 25.4 mm diameter and 5 kg, 10 

kg, and 20 kg mass to simulate various damage types and sizes. Their findings concluded that 

while the lower temperature resulted in more induced damage, the overall influence temperature 

had on compressive strength was negligible. 

As the limitations of traditional core materials are increasingly evident, and the potential 

of new core materials are emerging through geometric modification exhibited by simpler 

geometries, additive manufacturing (AM) emerges as an attractive avenue for the development of 

lightweight composite cores using more complex novel designs. AM processes, such as fused 

deposition modeling (FDM) and selective laser melting (SLM), offer the advantages of intricate 

core designs and a broad array of material choices [108]. Nevertheless, they are not without their 

challenges, including issues related to layer adhesion, thermal warping, and geometric 

irregularities, which necessitate careful consideration in the when manufacturing AM cores [150], 

[151]. Stereolithography (SLA), however, selectively cures photopolymer resins using UV light, 

creating a chemical bond between layers. This process diverges from traditional additive 

manufacturing techniques, such as FDM and SLM, which rely on heat. The reduction of layer 
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adhesion issues, material shrinkage, and warping presents an appealing prospect for photopolymer 

resins application towards complex core geometries [94]. 

This study aims to evaluate the potential of a photopolymer resin known as "Durable resin" 

as a core material for sandwich composites in Arctic conditions. Specimens were manufactured 

through SLA and tested to assess their quasi-static responses, including tensile, flexural, and 

compressive behaviors, at both room temperature (25°C) and Arctic temperature (-60°C). The 

investigation delves into the variations in mechanical properties due to temperature changes, 

examining modulus, strengths, and strain at failure. Finite element computational models were 

employed to predict the quasi-static responses of the Durable resin under different temperatures 

and validated against experimental data. 

 
METHODS 

This section discusses the specimens’ manufacturing system, material selection, 

specimens’ fabrication process, and test methods. 

 
Manufacturing System 

Specimens were manufactured using the SLA AM process using Formlabs’ Form 3 printer 

operating with uses UV light to selectively cure the photopolymer resin, developing polymer 

networks through a chemical process. When photoreactive resins are exposed to UV light, the 

molecular chains join together, polymerizing monomers and oligomers into solidified parts [49]. 

Form 3 SLA printing machine is illustrated in Figure 1.1 and has the following components: a) 

resin cartridge, b) resin tank, c) UV permeable layer, and d) build platform. The resin cartridge 

stores the photopolymer resin. The resin tank is transparent with a UV permeable layer. UV beams 

that are always perpendicular to the building platform are delivered to the resin through the UV 

permeable layer. The resin cartridge transfers the resin to the resin tank through a slow drip 
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method. Once the resin tank is completely filled with resin, the manufacturing process begins. 

First, the building platform lowers to the resin tank, and a UV light selectively cures the resin into 

the building platform. Once a layer has been cured, the building platform raises, and a mixing rod 

slides across the resin in the resin tank to level the resin for the next layer, so there is uniformity 

between the print layers. This process prevents geometric irregularities that are observed in the 

FDM process. The building platform lowers, and the next layer is cured and chemically adhered 

to the previously cured layer. This process is repeated until all the layers are cured. 

 

 
Figure 1.1 Formlabs Form 3 SLA Printer [152] 

 
Material Selection 

The core material for sandwich structures must meet specific criteria, including being 

lightweight and capable of withstanding mechanical loadings such as tension, flexural, and 

compression, even at extremely low temperatures (e.g., -60 °C). Among the various resins offered 

by FormLabs, Durable resin emerged as the optimal choice. Table 1.1 highlights its remarkable 

impact properties, significantly outperforming all other FormLabs resins, with impact strengths 

averaging 4.5 times higher.  

 

 

 

 



7 

Table 1.1 FormLabs Resin Properties [152] 

Resin Tensile Strength (MPa) Flexural Strength (MPa) Notched IZOD (J/m) 

Durable 28 24 114 

Tough 1500 33 39 67 

Tough 2K 46 65 40 

Rigid 10K 65 126 16 

Rigid 40K 69 105 23 

Grey Pro 61 86 19 

 
Specimen Fabrication 

 
Figure 1.2: Specimen Flowchart: A) CAD Model, B) Slicing Software, C) Form 3, D) Form 

Wash, E) Form Cure, and F) Refining. 

Figure 1.2 illustrates the specimen fabrication process. A) Specimens were designed using 

Autodesk Fusion 360 computer-aided design (CAD) software and saved as STL files. B) STL files 

were imported into FormLabs' "PreForm" slicing software to select printing parameters. The 

orientation of the models aimed to maximize specimen quantity per print run, as preliminary 

testing revealed isotropic behavior of Durable resin. A resolution of 50 microns, the slowest yet 

most accurate option recommended by the manufacturer, was used. Default support structures 
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generated by the software were employed to ensure uniformity. C) Specimens were 3D printed 

using a Form 3 SLA printer. Following printing, specimens were washed and cured in a UV bath 

to optimize their mechanical properties. D) Specimens, along with their supports, were removed 

from the build plate and placed in the "Form Wash." Here, specimens underwent a 20-minute 

agitation bath in a 90% isopropyl alcohol (IPA) solution, as per FormLabs' recommendations. E) 

After excess resin removal and drying, specimens were transferred to the "Form Cure," where they 

were subjected to a 60-minute UV bath at 60°C, following FormLabs' guidelines. Once cured, the 

specimens were cooled to room temperature (RT) for post-processing. F) During post-processing, 

supports were cautiously removed from specimens using flat-edged clippers to prevent damage. 

Subsequently, specimens were sanded with 80-grit, 120-grit, 220-grit, and 400-grit sandpaper to 

meet the dimensions required by the relevant ASTM standards. Specimens were randomly divided 

into two groups: one for testing at RT and the other for testing at AT. A total of 35 specimens were 

manufactured for tensile testing, 20 for compression, and 10 for flexural testing. 

 
Tensile Testing 

 
Figure 1.3: Tensile Specimen Type IV 

Tensile tests were conducted at both room temperature (RT) and Arctic temperature (AT). 

The tensile specimens were designed in compliance with ASTM standard D638-14: "Standard Test 

Method for Tensile Properties of Plastics" [153]. As shown in Figure 1.3, the type IV tensile 

specimen featured overall dimensions of 115 mm in length, 19 mm width at the grip section, 33 

mm in length, 6 mm width at the narrow section, and a thickness of 4 mm. 
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Tensile testing was conducted using an Instron 5969 universal testing apparatus equipped 

with a 50 kN load cell. A consistent crosshead rate speed of 5 mm/min was maintained for both 

RT and AT testing. Physical Epsilon 25365 extensometers with a 25.4-mm gauge length were 

attached to the specimens to measure strain. The BlueHill software managed data acquisition, 

recording displacement, load, strain, and time. 

A total of 35 specimens were manufactured for tensile testing. Of the 35 specimens, 25 

were designated for preliminary orientation tests at room temperature, and 10 specimens were 

designated for temperature tests according to the optimal orientation identified from the 

preliminary study. Temperature studies were conducted using five samples subjected to testing at 

RT, while the remaining five were tested at AT. 

 
Printing Orientation 

In the realm of SLA printing, it is crucial to emphasize that, in comparison to FDM and 

SLM, SLA boasts superior printing resolution, demonstrating notable reductions in material 

shrinkage, geometric irregularities, and warping. Although there exists literature exploring the 

impact of build orientation on SLA components [154]–[157], investigations specifically dedicated 

to durable resin have been constrained to single-axis rotation tests, yielding conflicting outcomes. 

Researchers have labeled the material as both anisotropic [158] and isotropic [159]. In this study, 

initial tests were conducted to ascertain optimal printing orientations, laying the foundation for 

guiding the manufacturing design of subsequent experiments. 

Five tensile specimens were printed at five different orientations: 0° flat, 0° vertical, 45° 

flat, 90° flat, and 90° vertical, as illustrated in Figure 1.4 to determine isotropic or anisotropic 

tendencies. Isotropy was defined using the 95% confidence interval (CI) method [95] to 

statistically determine whether the tensile properties showed significant differences attributed by 

the change in print orientation.  
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Figure 1.4: Print Orientations of Durable Resin for the Preliminary Tensile Orientation Study 

 
Environmental Conditioning 

The specimens tested at room temperature (RT) did not require any specific environmental 

conditioning. In contrast, the specimens designated for testing at Arctic Temperature (AT) 

underwent a specific preparation procedure. These AT specimens were placed in plastic bags to 

prevent moisture buildup on the surface and stored within an on-site ThermoScientific chiller (TSU 

600) maintained at -60°C for a duration of 48 hours, ensuring that the specimens reached the 

desired test temperature. 

For the actual testing, a temperature-controlled environmental chamber (Instron 3119-609) 

was connected to the Instron 5969 universal testing apparatus equipped with a 50 kN load cell. 

The environmental chamber was conditioned for 30 minutes using Liquid Nitrogen (LN2) to 

achieve and maintain a temperature of -60°C before testing commenced. A total of five specimens 

were tested, following the guidelines of ASTM D638-14 [153]. 
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Flexural Testing 

 

(a) Flexural Specimen Dimensions   (b) Flexural Fixture Dimensions 
Figure 1.5: Design and Dimensions for Flexural Specimen and Flexural Testing 

Flexural testing was conducted at both room temperature (RT) and Arctic Temperature 

(AT). The flexural specimens were designed in accordance with the ASTM D790 – 17 standard, 

titled "Standard Test Methods for Flexural Properties of Unreinforced and Reinforced Plastics and 

Electrical Insulating Materials" [160]. The rectangular flexural specimens featured dimensions of 

12.7 mm in width, 64 mm in length, and a thickness of 3.2 mm, as depicted in Figure 1.5a. The 

span length between supports was set at 51.2 mm, as illustrated in Figure 1.5b. For the flexural 

tests, an Instron 5969 universal testing apparatus equipped with a 50 kN load cell was employed. 

A preliminary study with an initial crosshead rate of 1.3 mm/min was tested based on specimen 

geometry and in accordance with the ASTM D790-17 [160] (Procedure A). During testing, the 

specimen the specimen is deflected until rupture or until a maximum flexural strain of 5% is 

reached, whichever occurs first. However, as specimen failure did not occur within the 5% flexural 

strain range, a faster crosshead speed was required. The crosshead rate speed was set to 13 

mm/min, following Procedure B outlined in ASTM D790-17 [160], and was consistent for both 

RT and AT tests.  

During testing, the data acquisition system recorded displacement, load, and time, all of 

which were managed through the BlueHill software. In total, ten specimens were tested, with five 

tested at RT and five tested at AT. 
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Environmental Conditioning 

For the specimens tested at Arctic Temperature (AT), a specific environmental 

conditioning procedure was followed. The specimens were placed in plastic bags to prevent 

moisture buildup on the surface, and then stored in an on-site ThermoScientific (TSU 600) chiller 

maintained at -60 °C for a period of 48 hours prior to testing. To facilitate testing at the designated 

Arctic temperature, a temperature-controlled environmental chamber (Instron 3119-609) was 

connected to the Instron 5969 testing apparatus. The environmental chamber underwent a 30-

minute pre-conditioning process with Liquid Nitrogen (LN2) to reach the desired temperature of -

60 °C. The preconditioning time was selected as a result from preliminary studies showing thermal 

equilibrium was reached by the environmental chamber within 30 minutes. 

A total of 5 specimens subjected to Arctic Temperature conditions were tested in 

accordance with the ASTM D790-17 Procedure B. 

 
Compression Testing 

                        

(a) Compressive Modulus Dimensions (b) Compressive Strength Dimensions 
Figure 1.6: Specimen Dimensions for Compressive Modulus and Compressive Strength Tests 



13 

Compression tests were conducted at both Room Temperature (RT) and Arctic 

Temperature (AT). As per the ASTM D695-23 standard, "Standard Test Method for Compressive 

Properties of Rigid Plastics" [161], two distinct specimen types were employed to determine the 

compressive modulus and strength. The cylindrical specimen used to measure the compressive 

modulus had dimensions of 12.7 mm in diameter and 50.8 mm in length, as depicted in Figure 

1.6a. For measuring compressive strength, a cylindrical specimen with dimensions of 12.7 mm in 

diameter and 25.4 mm in length, as shown in Figure 1.6b, was utilized. 

The tests were carried out using an Instron 8801 Servohydraulic fatigue testing system, 

equipped with compression plates and a load capacity of 100 kN. A consistent crosshead rate speed 

of 1.3 mm/min was maintained for both RT and AT tests. 

Compressive modulus and strength were computed based on the results from five 

specimens for each scenario. The Instron machine's data acquisition system recorded key 

parameters, including displacement, load, strain, and time, through the WaveMatrix software. A 

total of 20 specimens were tested, with ten specimens at RT and ten specimens at AT, five for 

assessing compressive modulus and five for measuring compressive strength. 

 
Environmental Conditioning 

For the compression tests, specimens evaluated at Room Temperature (RT) did not 

necessitate any special environmental conditioning. However, those specimens intended for testing 

at Arctic Temperature (AT) were subjected to a specific preparation process. Specimens 

designated for AT testing were securely sealed in plastic bags to prevent moisture buildup on the 

surface, and stored within an on-site ThermoScientific (TSU 600) chiller at a temperature of -60 

°C. These specimens were kept in these conditions for an extended period of 48 hours prior to 

testing to ensure they reached the desired temperature.  

To execute the tests at the extreme AT, a temperature-controlled environmental chamber 

was connected to the Instron 8801 testing machine. This chamber was methodically conditioned 
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for a duration of 30 minutes using Liquid Nitrogen (LN2) until the target temperature of -60 °C 

was consistently achieved, ensuring an accurate and controlled testing environment. 

 
EXPERIMENTAL RESULTS AND DISCUSSION 

The displacement, load, strain, and time data were used to characterize the tension, flexural, 

and compression behavior of the Durable resin at RT and AT. 

 
Tensile Tests 

The data collected, including displacement, load, strain, and time, served as the basis for 

characterizing various mechanical properties of the specimens at both Room Temperature (RT) 

and Arctic Temperature (AT). The properties analyzed included the modulus of elasticity, tensile 

yield stress, ultimate tensile stress, and strain at failure for samples tested under these different 

conditions.  

The discussion will begin by examining the influence of the printed orientation on the 

specimens' behavior, followed by an exploration of the effects of temperature variation, and an 

analysis of the observed failure mechanisms. 

 
Orientation Influence 

 
Figure 1.7: Representative Tensile Stress-Strain Graph of Durable Resin at RT 
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Figure 1.7 provides a typical stress-strain curve for Durable resin at room temperature, 

depicting the material's behavior under tensile loading. Several key mechanical properties were 

derived from this curve. Modulus of Elasticity (E): Calculated from the linear segment of the 

stress-strain curve. Yield Stress (𝜎y): Identified at the point where the material first exhibits 

increased strain without a corresponding increase in stress. Ultimate Tensile Strength (𝜎்ௌ): 

Determined as the maximum stress reached in the test. Strain at Failure (𝜀fail): Measured at the 

point of specimen fracture. Each of these properties were evaluated for all the different printing 

orientations using the 95% confidence interval (CI) method. The 95% CI was determined for each 

test by finding the standard deviation of the measured properties, respective to their print 

orientation. The margin of error, corresponding to 95% of the area under a normal distribution, 

was calculated by multiplying the standard deviation by the critical value of 1.96. This margin of 

error was then added and subtracted from the respective orientation property sample mean to 

construct the 95% CI. Table 1.2 provides a summary of the Durable resin's tensile properties, 

demonstrating that the properties displayed isotropic behavior and mostly fell within a 95% 

confidence interval. The respective 95% CI ranges are as follows: E: 750 - 801 MPa, 𝜎௬: 22.2 - 

23.2 MPa, 𝜎்ௌ: 24.2 - 25.1 MPa, and 𝜀: 0.448 - 0.489. 

 
Table 1.2: Durable Resin Tensile Mechanical Properties (with 95% CI) at RT 

Orientation 0° Flat 0° Vertical 45° Flat 90° Flat 90° Vertical 

E (MPa) 783 ± 21 759 ± 53 789 ± 46 795 ± 48 755 ± 24 

𝜎௬ (MPa) 22.9 ± 0.71 21.5 ± 0.77 22.9 ± 0.81 23 ± 0.55 23.2 ± 0.67 

𝜎்ௌ (MPa) 24.1 ± 1.0 25.4 ± 0.81 24.6 ± 1.4 24.9 ± 0.92 24.5 ± 0.56 

𝜀 (%) 44.9 ± 4.1 51.3 ± 2.3 44.9 ± 4.1 47.2 ± 1.7 46.9 ± 1.5 

 

The evaluation of the different printing orientations revealed the following. Modulus of 

Elasticity (E): There was no statistically significant difference among the print orientations 

(meaning all the representative means for each orientation behaved in the 95% CI range [162]). 
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The 90° flat specimens exhibited the highest value, but this was only about 5% higher than the 

lowest modulus observed in the 90° vertical specimens. 

Tensile Yield Strength (σy): The yield strength did not show a clear correlation with 

orientation. The 0° vertical and 90° vertical specimens had the lowest and highest values, 

respectively. The difference in yield strength between the 90° vertical and 90° flat specimens was 

less than 1%. 

Ultimate Tensile Strength (UTS): The UTS also did not exhibit a statistically significant 

difference between print orientations, as all values were within the confidence interval. 

Strain at Failure: The most significant difference was observed in the strain at failure, with 

0° vertical specimens showing an average strain at failure of 0.513 ± 0.023, while 0° flat 

specimens had an average of 0.449 ± 0.041. However, with average strain to failure overlapping 

within 10% of the total average between tests [163] and no clear designation correlating to the 

vertical versus flat orientations (90° vertical specimens having a lower strain to failure than 90° 

flat specimens), this difference should not be attributed to print orientation influences [162].  

In summary, the results, as detailed in Table 1.2 and illustrated in Figure 1.8 for tensile 

testing at room temperature, indicate that Durable resin exhibited isotropic behavior, and print 

orientation had minimal influence on its mechanical properties. Therefore, for all subsequent 

tensile, flexural, and compressive tests at both room temperature and Arctic temperature, 

specimens were printed in a single orientation. 
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Figure 1.8: Representative Tensile Stress-Strain Graph of Durable Resin at RT for each Tested 

Orientation 
Arctic Temperature Influence 

 
Figure 1.9: Representative Tensile Stress-Strain Graph of Durable Resin at AT 

The stress-strain curve shown in Figure 1.9 illustrates the typical behavior of the Durable 

resin specimens at AT. At Arctic temperatures (AT), all the specimens exhibited brittle failure, 

illustrated by an increase in modulus and strength with a decrease in strain to failure, which is a 

characteristic of materials at low temperatures. The mechanical properties of the Durable resin 

specimens at Arctic temperatures are summarized in Table 1.3. The modulus of elasticity (E), 

ultimate tensile strength (𝜎்ௌ), and strain at failure (𝜀) were calculated for the AT specimens.  

 

 

 



18 

Table 1.3: Tensile Mechanical Properties of Durable Resin at AT 

E (MPa) 2500 ± 215 

𝜎்ௌ (MPa) 80.1 ± 1.6 

𝜀 (%) 3.23 ± 0.3 

 
Comparison between Room and Arctic Temperature 

The mechanical properties of the specimens tested at Arctic temperatures (AT) 

demonstrated significant changes compared to those tested at room temperature (RT). The 

modulus of elasticity (E) increased by 318% for the AT specimens compared to the RT specimens. 

The ultimate tensile strength (𝜎்ௌ) increased by 322% for the AT specimens compared to the RT 

specimens. The strain at failure (𝜀fail) decreased by 93% for the AT specimens compared to the RT 

specimens.  

These changes can be attributed to the increased rigidity and embrittlement of materials at 

Arctic temperatures [63]. The increase in modulus of elasticity and ultimate tensile strength 

indicates a more rigid response, while the significant decrease in strain at failure reflects the 

reduced ductility and increased brittleness of the material under low-temperature conditions. 

 
Failure Analysis 

The failure mechanisms of the specimens tested at both room temperature (RT) and Arctic 

temperatures (AT) were evaluated. Regardless of the printed orientation, the specimens tested at 

RT exhibited fractures at the midsection of the sample. Additionally, all these specimens showed 

a clean fracture in the plane perpendicular to the loading direction, as depicted in Figure 1.10. 

Similarly, the specimens tested at AT also experienced a clean fracture toward the center of the 

specimen, as shown in Figure 1.11. While the experimental results illustrated the Durable resin 

behaved in a ductile fashion at room temperatures, the consistent observation of clean fractures in 

both RT and AT specimens suggests that the material exhibits brittle failure characteristics at the 

time of rupture. This ductile-to-brittle transition is attributed to the lack of polymer chain mobility 
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at the time of rupture. During room temperature tests, as the specimen is placed under tensile 

loading the polymer chains progressively stretch during the linear-elastic region, begin to buckle 

after the yield stress, and eventually collapse at the time of rupture [164]. During the arctic 

temperature tests, the low temperature hinders chain mobility resulting in an earlier rupture [165]. 

In both cases, the lack of chain mobility at the point failure results in the brittle failure mechanisms 

[166] and illustrates the ductile-to-brittle transition [167]. 

 
Figure 1.10: Typical Failure Mode of Durable Resin Tensile Specimens Tested at RT 

 

 
Figure 1.11: Typical Failure Mode of Durable Resin Tensile Specimens Tested at AT 

 
Flexural Tests 

The displacement, load, and time data were used to characterize the flexural modulus, 

flexural strength, and strain at failure for RT and AT. The flexural stresses and strains were 

obtained with the following formulas: 

𝐹𝑙𝑒𝑥𝑢𝑟𝑎𝑙 𝑆𝑟𝑒𝑠𝑠 ൫𝜎൯ =
3𝑃𝐿

2𝑏𝑑ଶ
 (1) 

𝐹𝑙𝑒𝑥𝑢𝑟𝑎𝑙 𝑆𝑡𝑟𝑎𝑖𝑛 ൫𝜀൯ =
6𝐷𝑑

𝐿ଶ
 (2) 
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Figure 1.12: Free Body Diagram for Flexural Stress 

 

Where P stands for load at a given point (N), L stands for support span (mm), b stands for 

the width of the beam (mm), d stands for the depth of the beam (mm), D stands for maximum 

deflection of the center of the beam (mm), illustrated in Figure 1.12. For both room and arctic 

temperature tests, specimens were loaded until rupture occurred, or a maximum flexural strain of 

5% was reached, whichever occurred first according to the ASTM standards. The flexural response 

at RT will be discussed first, followed by the flexural response at Arctic temperature and failure 

mechanisms. 

 
Room Temperature 

 

(a) Representative Flexural Stress-Strain Graph (b) Flexural Stress-Strain Test Results 
Figure 1.13: Flexural Stress-Strain Relations for Durable Resin Tested at Room Temperature 
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Figure 1.13a shows a representative flexural stress-strain graph of Durable resin at room 

temperature (RT). The analysis for flexural properties, following ASTM D790-17 guidelines, 

focused on the 5% flexural strain region where testing ends because of rupture or reaches the 5% 

flexural strain limit. Figure 1.13b displays the results of the RT flexural tests, with flexural 

modulus, flexural strain, and flexural strength determined for each specimen tested. The flexural 

modulus was calculated from the linear portion of the stress-strain curve, and the flexural stress 

was calculated at the 5% flexural strain limit as rupture did not occur. The average flexural 

mechanical properties of the specimens tested at RT are summarized in Table 1.4. 

 
Table 1.4: Flexural Mechanical Properties for Durable Resin Tested at RT 

Flexural Modulus (MPa) 819.6 ± 21.6 

Flexural Strength (MPa) at 5% Flexural Strain 30.3 ± 0.92 

 
Arctic Temperature 

 

(a) Representative Flexural Stress-Strain Graph (b) Flexural Stress-Strain Test Results 
Figure 1.14: Flexural Stress-Strain Relations for Durable Resin Tested at Arctic Temperature 

Figure 1.14a depicts a representative flexural stress-strain graph of Durable resin at Arctic 

temperatures (AT). In the analysis of flexural properties following ASTM D790-17 guidelines, the 

focus was on the 5% flexural strain region, where testing ends at specimen rupture or flexural 

strain has reached the 5% limit. During arctic temperature tests, specimen rupture occurred before 
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reaching the 5% flexural strain limit. Figure 1.14b shows the results of the AT flexural tests, with 

the determination of flexural modulus, flexural strain, and flexural strength for each specimen 

tested. The flexural modulus was calculated from the linear portion of the stress-strain curve, the 

flexural stress was calculated at the maximum stress value, and the strain at failure was determined 

at specimen failure. Table 1.5 provides an overview of the average flexural mechanical properties 

of the specimens tested at AT. 

 
Table 1.5: Flexural Mechanical Properties of Durable Resin Tested at Arctic Temperature 

Flexural Modulus (MPa) 3690 ± 229 

Maximum Flexural Strength (MPa)  110.4 ± 6.06 

Maximum Flexural Strain (%) 3.37 ± 0.33 

 
Comparison between Room and Arctic Temperature 

When comparing room temperature and Arctic temperature (AT) tests, it should be noted 

that room temperature (RT) tests were concluded by reaching the 5% flexural strain limit, while 

AT tests were concluded upon specimen rupture. For comparative analysis, the RT data will use 

maximum stress observed during the 5% strain limit, while AT data will use maximum stress 

before failure. Under Arctic temperature conditions, the specimens exhibited increased stiffness 

but also became more brittle when compared to the specimens at room temperature. This shift is 

evident in the flexural modulus, which increased by approximately 450%, and the flexural 

strength, which increased by about 360%, for the AT specimens in comparison to the RT 

specimens. The AT specimens had a failure strain of approximately 3.37%, while the RT 

specimens did not experience any breakage. 
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Failure Analysis 

 
Figure 1.15: Representative Arctic Temperature Flexural Test Failure (Side View) 

 

At room temperature (RT), the flexural specimens did not exhibit yielding or failure before 

the 5% flexural strain limit was reached. Following testing, the specimens were observed to return 

almost identically to their original pre-loading state, demonstrating no noticeable changes, 

damage, or permanent deformation. 

In contrast, the flexural specimens subjected to Arctic temperatures (AT) consistently 

demonstrated a brittle failure mechanism in all tests. AT Specimens observed an increase to 

flexural strength and modulus with a decrease to flexural strain as failure occurred within the 5% 

flexural strain limit. The failure was attributed to the development of a crack on the face opposite 

to the loading plane where tensile forces were dominant, resulting in the formation of a shear lip 

[168]–[170] followed by a smooth break iconic with brittle failure. Notably, every AT flexural 

specimen displayed this distinctive midsection crack and shear lip, as depicted in Figure 1.15.  

 
Compression Tests 

The displacement, load, strain, and time data were used to characterize the compressive 

modulus and strength at RT and AT. 
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Compressive Modulus Tests 

 

     (a) Room Temperature Compressive Modulus   (b) Arctic Temperature Compressive Modulus  
Figure 1.16: Representative Compressive Stress-Strain Graphs of Durable Resin Tested at Room 

and Arctic Temperature (Compressive Modulus) 

Figure 1.16 depicts the representative compressive stress-strain graphs of Durable resin at 

both room temperature (RT) 1.16a, and Arctic temperatures (AT) 1.16b. For both temperature 

conditions, the end criterion for the modulus test was defined as the shift from the linear elastic 

region, illustrated by the deviation from the initial linear slope, as specified in ASTM D695. Table 

1.6 provides data on the RT and AT compressive modulus. As anticipated, the compressive 

modulus at AT increased compared to the RT values. 

 
Table 1.6: Compressive Modulus Properties of Durable Resin at Room and Arctic Temperature 

 RT AT 

Compressive Modulus (MPa) 1100 ± 300 5100 ± 220 
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Compressive Strength Tests 

 
                 (a) Representative: RT Strength Test            (b) Representative: AT Strength Test 
 Figure 1.17: Representative Stress-Displacement Graphs of Durable Resin Tested at Room and 

Arctic Temperature (Compressive Strength) 

The displacement, load, strain, and time data were utilized to characterize the strength of 

Durable resin at both room temperature (RT) and Arctic temperatures (AT). Figure 1.17 presents 

a representative compressive strength stress-displacement graph for Durable resin at RT (Figure 

1.17a) and AT (Figure 1.17b). The observed trends in these graphs suggest that the polymer chains, 

acted similar to universal joints [171], exhibit behavior like that of cells in polyurethane and 

elastomeric foams [57], [172]. This suggests that Figure 1.17a and Figure 1.17b illustrate different 

regions: a linear elastic region controlled by the stretching of polymer chains, a plateau region 

governed by elastic buckling and polymer chain collapsing, and a densification region caused by 

the majority of polymer chains collapsing, leading opposing chains to come into contact and 

compressing the solid, rapidly increasing the stress [172]. During the compressive strength tests, 

stress-displacement data were collected to determine the maximum compressive stress before 

failure, which corresponded to the maximum stress on the graph, and the displacement at failure, 

identified as any sharp decrease in load, as recommended by ASTM D695. Table 1.7 displays the 

average values for maximum compressive stresses and displacements at failure for the specimens 

tested at both RT and AT. 
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Table 1.7: Compressive Strength Properties of Durable Resin at Room and Arctic Temperature 

 RT AT 

Max Compressive Stress (MPa) 243 ± 31 250 ± 25 

Displacement at Failure (mm) 15.3 ± 0.4 15.4 ± 0.3 
 
Comparison between Room and Arctic Temperature 

The compressive modulus and strength at AT increased by approximately 460% and ≈3%, 

respectively, compared to RT. However, the displacement at failure decreased by ≈0.5% when 

compared to RT. This behavior can be attributed to the increased rigidity and embrittlement of 

Durable resin at AT. 
Failure Analysis 

 

          (a) Non-Deformed                   (a) Room Temperature               (b) Arctic Temperature 
Figure 1.18: Representative Compressive Strength Failure Mechanism for Durable Resin 

Specimens: a) Non-Deformed Example b) RT Tests and c) AT Tests 

Figure 1.18a illustrates a non-deformed representative sample, with a black dashed outline 

highlighting the original top surface geometry for top a top-down view and isometric view. Figure 

1.18b illustrates the failure of a representative RT compressive strength specimen, while Figure 

1.18c illustrates the failure of representative AT compressive strength specimens. Images in Figure 

1.18 were contrasted to aid in the illustration of failure for readers. During room temperature 

compressive strength tests, as the compressive load on the top face of the specimen increased, 

radial expansion was observed. The expansion, known as barreling [173] occurred during the 

densification stage resulting from the compressed polymer chains expanded radially, 
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perpendicular to the applied compressive load [174], [175]. Failure of RT specimens occurred 

when expansion caused the walls of the specimen to separate from the core by radial cracking, 

observed by the peeling mechanism [176] illustrated in Figure 1.18b. Compressive strength 

specimens tested under AT conditions did not fail from barreling, as the reduced polymer chain 

mobility from lower temperatures did not allow for rapid expansion. Arctic specimens failed 

through axial splitting, similar to brittle materials [177]. Axial splitting nucleates from microflaws 

present at the loading site and grow in the direction of the axial load [178]–[180]. This is observed 

in Figure 1.18c, by the minimal change to the surface geometry of the top plane of the specimen, 

and the cracks formed in the axial (vertical) direction. The change in failure modes illustrates the 

influence of Arctic temperatures on changing the material from ductile (RT) to brittle (AT) in 

failure mechanisms. 

 
Finite Element Modeling 

Anticipating the future use of SLA with Durable resin for the manufacturing and testing of 

intricate core structures, it became essential to develop a computational model that could 

accurately capture the influence of temperature on material properties. Consequently, an elastic-

plastic finite-element model (FEM) was created to replicate the tensile, flexural, and compressive 

strength tests, and linear-elastic FEM models were created to replicate the compressive modulus 

tests using ABAQUS 6.14, a commercial finite-element software. These models were intricately 

designed based on the mechanical responses of Durable resin obtained during experimental tests 

at both room temperature (RT) and Arctic temperature (AT). To ensure their utility, each 

simulation was meticulously validated against the corresponding experimental data, serving as a 

crucial step in assessing the accuracy and reliability of the models. 
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Uniaxial Tension Simulation 

 
Figure 1.19: Uniaxial Tension Test Model Diagram 

Figure 1.19 displays the 3D finite-element model used for uniaxial tension. In this model, 

the Durable resin specimen was represented as a deformable material. To simulate the gripping 

area, encastre fixed boundary conditions (U1=U2=U3=UR1=UR2=UR3) were applied at the left 

end surfaces. Furthermore, a coupling constraint was employed between a reference point (RP) 

and the right gripping area surfaces to simulate the 15 mm ramp displacement in the x-direction 

(U1). This coupling constraint ensured that the elements associated with the clamp location during 

testing moved with the same x-displacement as the RP to represent the loading mechanism within 

the model. 

A refined mesh was used specifically at the gauge length, which is the critical zone in the 

tensile model. The entire model was assigned eight-node brick elements with reduced integration 

(C3D8R), resulting in a total of 1056 elements. To determine the optimal element size at the gauge 

length, a mesh convergence study (Figure 1.20) was conducted. Mesh seed sizes of 2.5 (blue dots), 

2.0 (red dashes), 1.1 (magenta circles), and 0.6 (green squares) were studies and revealed that an 

element size of 1.1 mm was optimal. A load drop was observed at the yield point within coarser 

meshes (2.5- and 2.0-mm seed size) as the material transitioned between the linear-elastic to plastic 

properties within the model. This was attributed to convergence issues related to the transition in 

properties resultant of the coarser mesh size. Finer meshes reduced and eventually removed this 
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error as the overall material transition gradient was smoother in the model. Reducing the mesh 

seed size from 1.1- to 0.6-mm showed negligible differences (highlighted in Figure 1.20). 

The computational model utilized experimental tensile data to calculate the material's yield 

stress, Young's modulus, and ultimate stress using the elastic-plastic calibration tool in ABAQUS. 

The mechanical properties for both room temperature (RT) and Arctic temperature (AT) are 

summarized in Table 1.8. 

 
Table 1.8: Material Properties for Tension Simulations 

 RT AT 

Young’s Modulus (MPa) 851 3680 

Poisson’s Ratio 0.33 0.33 

Yield Stress (MPa) 19.39 36.9 

Ultimate Stress (MPa) 24.6 78.3 

 
Figure 1.20: Tensile Test Mesh Convergence Study Results 
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   (a) Room Temperature Tensile Simulation (b) Room Temperature Stress-Strain Graph 
Figure 1.21: Stress-Strain Comparison for Tension at Room Temperature 

 

 

   (a) Arctic Temperature Tensile Simulation    (b) Arctic Temperature Stress-Strain Graph 
Figure 1.22: Stress-Strain Comparison for Tension at Arctic Temperature 

Figures 1.21 and 1.22 illustrate the comparison between the stress-strain data from the 

simulation and the experimental results. The simulation results show good agreement with the 

experimental data. At room temperature (RT), both Young's modulus and yield strength were 

accurately predicted by the simulation. Similarly, at Arctic temperature (AT), the simulation 

successfully replicated the Young's modulus and ultimate stress as shown in the experimental data. 
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Flexural Simulation 

 
Figure 1.23: Flexural Test Model Diagram 

Figure 1.23 shows the model used for the flexural simulation. The Durable resin specimen 

was modeled as a deformable material. The support and loading rollers were modeled as rigid body 

parts. The support rollers were fixed using Encastre boundary conditions 

(U1=U2=U3=UR1=UR2=UR3) to prevent rigid body motion. The loading roller was fixed to 

prevent translation and rotation in all directions (U1=U3=UR1=UR2=UR3), except for the Y-

direction (U2) displacement. Surface-to-surface interactions were created between the rollers 

(support and loading) and the flexural specimen. The master surfaces were assigned to the rollers, 

and slave surfaces were assigned to the specimen surfaces. Tangential and normal constraints were 

applied to ensure no penetration between the rollers and the specimen. The flexural part was 

meshed with eight-node brick with reduced integration (C3D8R) elements and seed size of 1.1 

mm, defined by the convergence during the tensile simulation for consistency. The total number 

of elements was 2124. The roller parts were meshed with three-dimensional quadrilateral rigid 

(R3D4) elements. The mechanical properties were specified using the isotropic elastic-plastic 

properties from the experimental tension tests because ABAQUS only allows Young’s modulus 

or compression modulus in the material properties. Displacement-loading was designated using 

the experimental data as a reference to simulate the maximum displacement seen in experimental 

tests (6.9 mm for RT and 5.2 mm for AT). Displacement was applied by the loading nose using a 

reference point constraint similar to the tensile model ensuring the entire loading nose body moved 

uniformly to replicate the physical test apparatus. As seen in Figure 1.24 and Figure 1.25, the 
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simulation had a good agreement with the experimental data, however there was deviation from 

the experimental results. This deviation was resultant from elastic-plastic behavior being defined 

only by the tensile data due to the program limitations stated previously. 

 

 

  

   (a) Room Temperature Flexural Model         (b) Room Temperature Stress-Strain Relation 
Figure 1.24: Stress-Strain Comparison for Flexural Test at Room Temperature 

 

 

    (a) Arctic Temperature Flexural Model    (b) Arctic Temperature Stress-Strain Relation 
Figure 1.25: Stress-Strain Comparison for Flexural Test at Arctic Temperature 
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Compression Simulations 

               

(a) Compressive Modulus                 (b) Compressive Strength 
Figure 1.26: Compressive Test Models for Compressive Modulus and Compressive Strength 

Figure 1.26 illustrates the model used for the compression simulation. The lower and upper 

plate fixtures had the same dimensions as those used in the experimental setup. The Durable resin 

specimens were represented as deformable materials, while the lower and upper plate fixtures were 

modeled as rigid shell parts. The compressive model was meshed using eight-node brick elements 

(C3D8R) with a seed size of 1.1 mm defined by the convergence during the tensile simulation for 

consistency, resulting in a total of 7222 elements. The lower and upper plate fixtures were meshed 

with three-dimensional quadrilateral rigid elements (R3D4) using a mesh seed size of 10 mm, 

resulting in a total mesh of 53 elements for each plate. The lower and upper plates were developed 

using a coarser mesh as the contact boundary conditions observed a finer mesh was not necessary 

for this model. Mechanical properties for the compression simulations were based on the 

experimental compressive data, and ABAQUS determined the material's elastic modulus, yield 

point, and plastic points using an elastic-plastic calibration tool. The mechanical properties for the 

RT and AT compression simulations are detailed in Table 1.9 

. 
 
 
 
 
 
 
 



34 

Table 1.9: Material Properties for Compression Simulations 

 Modulus (RT) Modulus (AT) Strength (RT) Strength (AT) 

Young’s Modulus (MPa) 1338 5186 450 1716 

Poisson’s Ratio 0.3 0.3 0.3 0.3 

Yield Stress (MPa) 16.0 20.8 14.0 33.0 

Ultimate Stress (MPa) 16.0 20.8 294 222 

 

General contact and tie constraints were applied between the fixtures (upper and lower 

plates) and the compressive specimen to simulate the compressive contact exhibited by the plated 

during experimental testing. The plates were treated as master surfaces, and the top and bottom 

specimen surfaces were treated as slave surfaces as seen in Figure 1.26. Tangential and normal 

constraints were applied to ensure no penetration between the plates and the compressive 

specimen. The simulation was created using two steps. The boundary conditions were applied in 

the initial step. For the lower plate, Encastre boundary conditions were applied 

(U1=U2=U3=UR1=UR2=UR3). For the upper plate, translations and rotations were fixed in all 

directions (U1=U3=UR1=UR2=UR3), except for Y-displacement (U2). The second step was 

associated with compressive displacement, which was applied in the U2 direction. The 

displacement used for the simulations was taken from the experimental tests (3 mm for modulus 

tests and 15.5 mm for strength tests). 
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(a) RT Compressive Modulus Simulation (b) RT Compressive Modulus Stress-Strain Relation 
Figure 1.27: Stress-Strain Comparison for Compressive Modulus Test at Room Temperature 

 

 

(a) AT Compressive Modulus Simulation (b) AT Compressive Modulus Stress-Strain Relation 
Figure 1.28: Stress-Strain Comparison for Compressive Modulus Test at Arctic Temperature 

Figure 1.27 and Figure 1.28 show the experimental and simulation stress-strain graphs for 

the compressive modulus. Figure 1.27a shows the stress distribution in the sample at RT and Figure 

1.28a shows the stress distribution in the sample at AT. From the figures, it was noted that there is 

good agreement between both of them, with the simulation modulus values being almost exactly 

that of their experimental counterparts. 
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Figure 1.29: End of Simulation for Room Temperature Compressive Strength Model 

 
Figure 1.30: End of Simulation for Arctic Temperature Compressive Strength Model  

Figure 1.29 shows the stress distribution in the sample subjected to compressive loading at 

room temperature. Figure 1.30 shows the stress distribution in the sample subjected to compressive 

loading at arctic temperature. From the images, the simulation illustrated an increase in stress 

caused by the compressive force, however it failed to capture the failure mechanisms observed 

during testing. For the RT specimens, failure occurred after the specimen expanded outwards 

through a barreling mechanism before rupturing caused by radial cracking. Specimens compressed 

under AT environments during experimental testing saw failure caused by cracking initiation at 

the compression plate contact face, which evolved into axial splitting. The simulation failed to 
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capture the barreling of the room temperature tests, as well as the axial stress concentration 

associated with the arctic temperature tests. This discrepancy highlights further testing should be 

performed regarding the compressive strength tests to develop a more accurate model.  

 
CONCLUSION 

In this report, a comprehensive study on FormLabs' photoreactive resin "Durable resin" 

was conducted. The material was characterized for its quasi-static properties, including tensile, 

flexural, and compressive properties, at both room and arctic temperatures. Additionally, post-test 

failure analyses were performed for each of the quasi-static tests to compare behavior at different 

temperatures. The key findings and conclusions of this study are as follows: 

 Isotropic Behavior: Tensile orientation tests confirmed that specimens manufactured 

using Durable resin via stereolithography exhibited isotropic behavior. This means that 

the material's properties were consistent regardless of the printing orientation. 

 Temperature Effects: Tests conducted at arctic temperatures revealed a significant 

increase in mechanical properties compared to room temperature conditions. The arctic 

specimens exhibited a substantial improvement in properties, including a 318% 

increase in tensile modulus, a 322% increase in ultimate tensile stress, a 450% increase 

in flexural modulus, a 360% increase in flexural strength, a 460% increase in 

compressive modulus, and a 3% increase in ultimate compressive strength. 

 Polymer Chain Behavior: The experimental compressive tests indicated that the 

polymer chains in Durable resin exhibited properties similar to foam cells, with the 

polymer chains acting as universal joints [181]. This behavior was evident from the 

compressive stress-strain graphs, which displayed distinct regions, including an elastic 

region, plateau region, and densification region [164]. 

 Failure Modes: The failure analyses of quasi-static tests showed that arctic 

temperature specimens had an increased tendency for shear failure modes in both 
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flexural and compressive tests. This shift in failure modes was attributed to the 

influence of temperature reducing chain mobility and inducing brittle behavior [166]. 

Failure mechanisms observed during room temperature tensile tests highlighted the 

ductile-to-brittle behavior resulting from lack of chain mobility under loading [167]. 

 Simulation Accuracy: Elastic-plastic finite-element models aimed to replicate quasi-

static scenarios for tension, compression, and flexural tests were implemented. The 

purpose was to establish a computational framework capable of predicting the 

mechanical behavior of Durable resin at both room temperature (RT) and Arctic 

temperature (AT). Tensile models were able to capture an almost identical 

representation for both RT and AT tests. Flexural models had limitations due to a 

constraint in allowing only one set of material properties (either tensile or 

compressive), the simulations, nevertheless, demonstrated effectiveness by performing 

within 10% of their experimental counterparts when using tensile elastic-plastic 

properties. Compressive modulus models were able to capture their experimental RT 

and AT counterparts, however, the compressive strength models were incapable of 

capturing the stress concentrations associated with their failure mechanisms. 

Based on these findings, this study has validated the potential use of Durable resin for 

sandwich composite core materials. The material's ability to be fabricated through additive 

manufacturing, its enhanced mechanical properties at arctic temperatures, and the accuracy of 

computational modeling have emphasized the need for further research and exploration in the 

context of sandwich composites. 
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Chapter 2: Uncertainty Quantification for the Manufacturing of Carbon Fiber/Vinyl Ester 

Laminates   

INTRODUCTION 

In many applications that require lightweight structures, such as aerospace, green energy, and 

naval transportation, carbon fiber reinforced polymer (CFRP) composites have become an 

attractive option due to their high stiffness-to-weight ratio, high strength-to-weight ratio, and 

tailorable mechanical properties  [182]–[184]. CFRP composites are usually composed of two 

constituents, bulk material (polymer matrix), and carbon fiber reinforcement. Fibers carry the 

majority of transverse loads, while the matrix effectively transfers the loads between fibers and 

houses them from the environment [77]. During manufacturing of CFRP composites, there exists 

a multitude of methods one can take to develop the end-product with more common methods [185] 

being hand-layup [186], vacuum-assisted resin transfer molding [187], autoclave [188], [189], and 

filament winding [190]. With each process however, due to the complexity of composites the 

manufactured component can drastically change in performance due to uncertainties developed by 

unavoidable manufacturing imperfections such as voids, incomplete resin curing, excess resin 

pockets, porosity, variation in ply-thickness, and fiber parameters [191]. Designers by convention 

use a factor of safety in attempts to combat this variance which can lead to ultraconservative 

designs or unsafe designs. Ultraconservative designs developed to ensure safety during use can 

result in larger components than needed, which increases weight, increases cost, and decreases 

fuel efficiency for vehicles [192]. In efforts to combat this variance in components, quantifying 

the degrees of uncertainty is imperative [193].  

Uncertainty quantification (UQ) serves as a process to identify, quantify, and reduce 

uncertainties associated with numerical algorithms, experiments, and predicted outcomes or 

quantities of interest through statistics and numerical analysis theory [194]. Uncertainty can be 

divided into three groups, aleatoric, epistemic, and prejudicial uncertainties [195]. Aleatoric 

uncertainty is a result of the inherent system variabilities [196], with an example being components 
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developed on the same production line not resulting in the exactly identical product. This form of 

variability can be characterized statistically through probability density functions if there are 

enough components present [197]. Epistemic uncertainty, results from the lack of knowledge on a 

system, due to the complexity within [198]. Probabilistic approaches to attempt quantifying these 

uncertainties are based on interval algebra [199], convex sets [200], Dempter-Schafer theory [201], 

and fuzzy sets [202]. Prejudicial uncertainty regards the variability which cannot be characterized 

as the variance is unknown [203]. This can result from random error, user or measuring bias, and 

generalization/assumptions made regarding the problem. Additional work can be employed in 

attempts to group the prejudicial uncertainties to treat them as an aleatoric uncertainty [204]. 

Statistical attempts at quantifying these uncertainties exist in two general forms, deterministic 

and stochastic. Deterministic studies [205]–[207] represent identical outputs for identical inputs, 

disregarding any form of randomness. With the lack of uncertainty accounted for in the model, 

exclusively deterministic approaches can result higher safety factors required, or result in serious 

overestimations in reliability of the structure [208]. To overcome this, there is a continued interest 

towards implementing stochastic or probabilistic approaches within FRP studies and frameworks 

[209]–[211]. Stochastic methods involve the incorporation of random variables applied in the 

study, meaning identical input does not always give identical output. Another form of statistical 

study which can accompany uncertainty quantification is a sensitivity analysis (SA), which helps 

to identify dominant variables through a culmination of weighted variables during the analysis 

[212].  

Composite hierarchy has been the respective guide for researchers performing uncertainty 

quantification towards composites. On the macro-scale, where the focus towards uncertainty is on 

composite structures [213], [214] or plates [191], [212], [215]–[226], the data used to drive 

predictive models is based on already manufacture material. The macro-scale studies primarily 

focus on the modeling the distribution of fibers [227], fiber alignment [228], and variance in 

material properties to represent their effects on job oriented properties such as mechanical strength 

[229], thermal resistance [230], and thermal conductivity [231]. Uncertainties developed during 
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manufacturing are significantly influenced by their constitutive elements (matrix and fibers), 

through the volume fractions of matrix and fiber [232], [233], excess resins between plies [234], 

incomplete curing [235], voids/porosity of the matrix [236], alignment of fibers [237], and 

temperature effects [238]–[241]. Primarily studies focus on the meso- to macro-scale of 

composites, where they investigate fiber geometry [242], cure kinetics [243], [244], infiltration 

[245], and defects to define the mechanical properties of the composite [246]. Micro- to meso- 

scale studies [247]–[250] build their models from the constituent level up primarily focusing on 

fiber volume fraction [251], fiber misalignment [252], and yarn angles for woven composites 

[253]. While they do focus on constituent materials to build their models, the constituent materials 

in their isolated setting are ignored. Micro-scale studies have focused on the interaction of the 

matrix with fibers through RVEs [254], [255]. However, there have been no observed studies 

focusing on the constituents at an individual scale. 

Literature shows a vast range of numerical analysis methods and techniques for composites 

throughout its hierarchal scale. Methods such as Monte Carlo [256], are robust, however, the 

Monte Carlo based UQ methods are not desirable in industrial applications as they exhibit a very 

slow convergence rate and need a vast number of simulations to predict statistical results accurately 

[257]. Methods using trained algorithms and machine learning require large data sets for testing 

[258], and a majority of the models rely on categorizing mathematical guidelines to the behavior 

of the composite scale.  

While there are more robust methods such as Monte Carlo, simpler less intensive approaches 

can be performed with adequate results. Wang et al. [259] conducted a quantitative sensitivity 

analysis on fiber-reinforced composites (FRCs) using a global sensitivity analysis (GSA) approach 

based on the variance-based method. The analysis incorporated Random Sampling-High 

Dimensional Model Representation (RS-HDMR) expansion with a unique Diffeomorphic 

Modulation under Observable Response Preserving Homotopy (D-MORPH) regression. The study 

aimed to explore the impact of fiber path, treated as the design variable, on the formability and 

structural performance of FRCs, addressing spring-back and load-carrying capacity. Two FRC 
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scenarios, an L-shaped part with a straight fiber path using autoclave manufacturing and a variable 

stiffness composite cylindrical shell under pure bending, were investigated. The GSA algorithm 

revealed that spring-back in FRCs using autoclave manufacturing is highly sensitive to fiber 

orientation angles on plies close to the tool, while the buckling performance of the variable 

stiffness cylinder is influenced by fiber orientation angles at tension/compression regions. The D-

MORPH-HDMR GSA algorithm effectively quantified the contributions of fiber orientation 

angles to the buckling load, with promising results validated against analytical solutions.  

Thapa et al. [260] introduced a framework for stochastic progressive failure analysis (PFA) of 

fiber-reinforced composites, addressing the significant impact of material property randomness on 

nonlinear structural responses. To mitigate the computational intensity of PFA using finite element 

analysis (FEA), the study employs the polynomial chaos expansion (PCE) technique, allowing for 

efficient uncertainty analysis. The framework is validated against 5000 Latin Hypercube Sampling 

(LHS) simulations, demonstrating cost-effectiveness and high accuracy. Global sensitivity 

analysis (GSA) is performed as a post-processing step, identifying influential random material 

properties correlated with failure modes. The presented approach is applied to a composite 

laminate with a circular cutout under various load cases, revealing its cost-effectiveness, accuracy, 

and utility in decision-making for further experimental tests. The study emphasizes the importance 

of GSA in reducing computational efforts and facilitating optimization by identifying non-

influential inputs. The framework's potential for enhancing composite structure design and 

reliability is highlighted, with future work proposed to extend its applicability to complex 

structures and incorporate additional factors like interlaminar failure and uncertainties in ply 

characteristics. 

Bogdanor et al. [261] explored the application of Bayesian statistical methods for the 

calibration and uncertainty quantification in rate-dependent damage modeling of composite 

materials. The study addresses epistemic and aleatory uncertainties arising from model parameter 

uncertainty, model form error, solution approximations, and measurement errors. Gaussian process 

surrogate models replace computationally expensive finite element models, facilitating analysis 
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within a commercial finite element software package (Abaqus). Calibration of a viscous damage 

model is performed using experimental data from monotonic load tests on glass fiber-reinforced 

epoxy composite samples. Bayesian inference is employed to derive distributions for material 

parameters and measurement errors. Gaussian process models serve as surrogate models, allowing 

the quantification of approximation errors. The study highlights challenges in predicting composite 

material response due to nonlinear behavior, limited test data, and incomplete material 

understanding. To improve accuracy, the manuscript suggests further experimental testing and 

additional training points for Gaussian process models. The conclusion emphasizes the need for 

extending the viscous damage evolution to multiscale applications, especially in the context of 

fatigue loading, to comprehensively address uncertainty propagation across spatial and time scales 

in the design of composite materials. 

Resulting from the lack of studies performed on individual constituent materials, this study 

aims to perform an exploratory uncertainty quantification paired with a sensitivity analysis on a 

vinyl-ester resin matrix system subjected to impact loads. In efforts to minimize the computational 

resources required and the number of tested specimens, the investigation utilizes the polynomial 

regression method to develop local trends of manufacturing parameters. Polynomial regression 

acts as a flexible analytical tool which can define local trends on smaller quantity sample sizes 

[262] and evolve into a robust tool with future studies [263]. After defining local trends, global 

trends are then employed using multi-linear/multi-variate regression (MLR/MVR) to identify the 

influence parameters have on one another in conjunction with global sensitivity analysis. Global 

sensitivity approaches have been observed in the past to help define critical points of interest [264], 

[265] and MLR similar to polynomial regression allows for a low sample size entry point [266] 

which can evolve into a more robust system with future testing [267], [268]. The following sections 

highlight the material selection, process of variable identification, specimen fabrication, impact 

testing, impact test results and the development of numerical models, and how the numerical 

predictions compare to experimental data. 
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METHODS AND MATERIALS 

 

This section discusses material selection, variable identification, specimen manufacturing, and 

test methods. 

 

Material Selection 

 

In this study, the focus was on investigating the impact of the curing process on the mechanical 

response of vinyl-ester resin when subjected to low-velocity impact damage. This research aimed 

to lay the groundwork for uncertainty quantification (UQ) in future studies, particularly for carbon 

fiber-reinforced polymer (CFRP) composites. Vinyl-ester resin was chosen as the material of 

interest due to its favorable characteristics compared to other polyester resins. Notably, it has lower 

water absorptivity and greater UV tolerance [183], [184]. The hardening agent employed in the 

curing process was methyl ethyl ketone peroxide (MEKP). Vinyl-ester resin exhibits the following 

mechanical properties: tensile strength = 82 MPa, tensile modulus = 3720 MPa, tensile elongation 

at yield = 4.6%, tensile elongation at break = 7.9%, flexural strength = 131 MPa, flexural modulus 

= 3450 MPa, and heat distortion = 98 °C [62]. 

 

Uncertainty Quantification 

 

Variable Identification 

 

Definition of specimen fabrication and testing methods first required the identification of 

variables that were isolatable variables and inevitable/miscellaneous variables [269]. These 

variables were identified using the three previously mentioned forms of uncertainty, aleatoric, 

epistemic, and prejudicial. Aleatoric uncertainty, resulting from the inherent system variabilities, 

was used to define unavoidable variance to classify the miscellaneous variable. Epistemic 
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uncertainty, resulting from the lack of knowledge of the system, was used to classify variables that 

may influence the material, but are unknown, to aid in the definition of the miscellaneous variable. 

Prejudicial uncertainty, regarding the variance that is unknown, was used to define the variables 

for testing. By testing said variables, the prejudicial uncertainty transforms into future aleatoric 

uncertainty as the variance becomes defined. 

Aleatoric uncertainties consisted of the devices and tools implemented during manufacturing 

and testing of the specimens. During manufacturing the measuring scale, resin mixture time, 

silicon molds, and an environmental chamber all helped to maintain an identical manufacturing 

process. After manufacturing specimen removal and post-processing followed identical 

procedures. Testing was performed with identical procedures in terms of striker shape, mass, and 

velocity. While these steps were performed to minimize variance, the complete occlusion of effect 

cannot be stated, thus the variance caused by these variables was grouped into a “miscellaneous” 

variable identifier.  

Epistemic uncertainties consisted of variables which were unknown whether they would affect 

the resin system or not. These variables coincided with the resin hardening mechanism as the 

hardener chemically interacted with the resin during curing and potential influences from the 

materials during development by the manufacturer. While it was believed that these had negligible 

influence they were also grouped into the “miscellaneous” variable group. 

Prejudicial uncertainties which would require testing to determine the variance effect within 

the material were treated as the isolatable variables. In this study, the two isolatable variables of 

focus existed in the resin to hardener mixture ratio and the cure time of specimens prior to testing. 

Both variables can heavily influence the chemical composition of the specimens during the curing 

process. The mixture ratio can result in incomplete curing resulting in excess resin or hardener in 

the specimen. The time of cure to testing can illustrate whether the specimens are fully cured or if 

longer time is needed for a complete cure. In conjunction with their potential influence on 

mechanical properties, both variables are easily isolated to aid in the designation of uncertainty 

variance. 
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Isolated Variables 

 

Defining the manufacturing methods to analyze variance within the isolated variables consisted 

of using the manufacturer recommendation for the base studies, and then two alternative 

manufacturing methods for each case to see the influence. The vinyl-ester resin to methyl-ethyl 

ketone peroxide hardener (MEKP) recommended ratio was 1.25% hardener to resin by weight 

[270]. This ratio served as the baseline reference for study. Ratios of 1.00% and 1.50% were 

selected for variance identification. The two additional ratios were chosen to represent lesser and 

greater quantities of the hardener present during the chemical reaction process which could be 

easily overlooked during manufacturing. The deviation from the baseline ratio could result in 

variance from either an excess of hardener, or resin present after the complete cure of the specimen. 

The recommended cure time before testing was 24 hours [270]. This served as the baseline 

reference for testing. Two additional cure times were selected to coincide with 48 hours and 96 

hours. The cure times studied purposefully only increased in time by 2x and 4x the baseline 

reference to ensure the specimens were cured, as lesser time could potentially result in incomplete 

cure of the specimens. 

Through the reduction of stochastic variables using the aforementioned procedure, two specific 

variables were able to be categorically tested using three sets of each variable for statistical 

identification [269]. Further identification towards implementing the techniques towards 

uncertainty is highlighted in the subsequent sections. 

 

Specimen manufacturing 

 

The manufacturing process of the vinyl-ester resin specimens was carried out systematically 

to ensure consistency and control over the key variables being tested. Here is an overview of the 

process: 
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Batch Preparation: Each batch consisted of 626 grams of vinyl-ester resin. The amount of 

MEKP (Methyl Ethyl Ketone Peroxide) added to the resin was based on the desired resin-to-

hardener mixture ratio (1%, 1.25%, or 1.5%). The mixing of MEKP initiated an exothermic 

reaction. The resin and hardener mixture was stirred for 1 minute in a large container. This mixing 

step ensured that the hardener was uniformly distributed throughout the resin. 

Specimen Molding: The resin-hardener mixture was poured into silicone molds (Figure 2.1) to 

create specimens. Each specimen had specific dimensions, measuring 102 mm in length, 102 mm 

in width, and 9.23 ± 0.1 mm in thickness. These dimensions were designed to mitigate geometric 

influences on the mechanical properties, as mentioned earlier in the study. Once the mixture was 

poured into the molds, the specimens were placed in a level and enclosed environment to prevent 

environmental contamination and maintain the geometric stability of the fluid mixture during the 

curing process. 

Curing: The specimens were allowed to cure in the controlled environment at room 

temperature until they reached the specified curing time (24, 48, or 96 hours). The use of silicone 

molds and a controlled curing environment aimed to minimize external factors that could affect 

the specimens' properties. 

Cataloging and Refinement: After curing, each specimen was cross-cataloged with its initial 

mixing time to ensure uniform testing conditions. To prepare the specimens for testing, any sharp 

edges caused by the concave curing nature of vinyl-ester resin were removed using a low-

revolution-per-minute (rpm) sander. The sanding process was limited to the specimen edges to 

avoid heat-related uncertainties. 

This systematic manufacturing process ensured that the specimens were consistent in terms of 

composition, curing time, and geometry, allowing for a reliable evaluation of the variables under 

investigation and their impact on the mechanical response of the vinyl-ester resin to low-velocity 

impact damage. 
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Figure 2.1: Specimen Dimensions and Silicone Mold Representation 

 

Experimental Testing 

 

Drop-weight impact tests were conducted using the CEAST 9340 Drop Tower Impact System. 

A metal support fixture with a 76 mm (diameter) circular hole was used for all the specimens as 

shown in Figure 2.2. A hemispherical striker with a fixed mass of 3.1 kg and a diameter of 12.1 

mm was used to impact the specimens at the center of the top face. The impact energy chosen was 

3.3 J with an impact velocity of 1.46 m/s. An impact energy of 3.3 J coincided with the highest 

energy to produce BVID within the specimen as preliminary tests at 3.5 J impact energy induced 

complete failure within the specimens. Energy-time responses for the impact event were recorded 

via the “CEAST DAS 8000 Junior” data acquisition system. Table 2.1 shows the testing matrix 

for all the tests that were performed. Three different MEKP concentrations were tested at 1.0%, 

1.25% (recommended by manufacturer), and 1.5%. Three different cure/rest times before testing 

were tested at 24 hours, 48 hours, and 96 hours. This allowed for 9 test batches, with 6 specimens 

per batch for a total of 54 specimens. Batch manufacturing and testing served to aid in identifying 

the influences from resin-to-hardener ratio, cure time to testing, and the miscellaneous variables 

with respect to the impact response of vinyl-ester samples. 
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Figure 2.2: Impact Fixture 

 

Table 2.1: Specimen Batch Representation 

 1.00 % MEKP 1.25% MEKP 1.50% MEKP 

24 Hours Batch a Batch b Batch c 

48 Hours Batch d Batch e Batch f 

96 Hours Batch g Batch h Batch i 

 

EXPERIMENTAL RESULTS 

 

In this section, the experimental impact results were evaluated using their respective energy-

time graphs recorded from testing. This is done to identify how each variable (MEKP % 

concentration and cure/rest time before testing) influences the degree of damage of vinyl-ester 

resin samples when subjected to impact loading.  
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Degree of Damage Evaluation 

 

Figure 2.3: Representative Energy/Time Graph for Impact Degree of Damage 

 

Figure 2.3 illustrates a representative energy vs time graph for the impact responses, where: 

𝐸௧ illustrates the impact energy, 𝐸௦ௗ illustrates the absorbed energy, and 𝐷𝑜𝐷 

illustrates how degree of damage is calculated. 

 

Figure 2.4: Degree of Damage for all 9 Batches (Mean and Standard Deviation) 
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Table 2.2: Degree of Damage Mean and Standard Deviation for all Test Batches 

 1.00 % MEKP 1.25% MEKP 1.50% MEKP 

24 Hours 32.3 ± 2.4 29.6 ± 2.6 29.6 ± 2.4 

48 Hours 31.7 ± 2.16 27.6 ± 2.4 30.4 ± 1.6 

96 Hours 29.7 ± 1.71 26.4 ± 2.6 27.5 ± 1.8 

 

Figure 2.4 illustrates the degree of damage for each batch. Specimen batches made from 1.00%, 

1.25% and 1.50% MEKP ratio are illustrated in red star, blue circle, and green square, respectively. 

Each batch marker illustrates the mean value of degree of damage, with the bars illustrating the 

standard deviation. From Figure 2.4 and Table 2.2 trends regarding the tested variables, 

concentration percentage and cure time to testing were observed. As the concentration percentage 

of MEKP deviated from the recommended percentage, the degree of impact damage increased. 

With the lowest concentration of MEKP (1.00 %) receiving the highest degree of damage on 

average. As the time of cure before testing increased, the degree of damage observed was reduced. 

The longest tested time of 96-hour cures resulting in the least degree of damage on average.  

  

Uncertainty Quantification 

 

This section provides a comprehensive explanation of the processes involved in theoretical 

modeling of the uncertainty quantification regarding the manufacturing uncertainties of vinyl-ester 

resin specimens. Theoretical models were employed to coincide with minimal computational 

resources required and work with a smaller data set following guidelines mentioned by Lin et al. 

[269]. Identification of local trends exhibited by the prejudicial variables of study associated by 

the isolatable variables was performed using polynomial linear regression, allowing the 

observance of the individual variances witnessed during testing. After local trends were identified 

for the cure-to-hardener ratio and cure time testing parameters, a global trend analysis approach 
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similar to Wang et al. [259] and Thapa et al. [260]. The MLR approach was selected as it can build 

a variance sensitivity analysis with smaller data sets by incorporating all of the tested variables 

and their relation to the degree of damage.  

The global trend equation derived from the MLR approach then served as a foundational model 

that incorporated both independent variables, as well as a unique UQ coefficient derived from the 

miscellaneous variables' influence. This equation is central to building a sensitivity analysis and a 

UQ predictive model. The UQ model is particularly significant as it addresses manufacturing 

uncertainties related to factors like MEKP concentration and cure/rest time before testing in vinyl-

ester samples subjected to low-velocity impact loading. Notably, the UQ model underwent 

experimental validation to ensure its accuracy and reliability. 

This in-depth explanation highlights the meticulous process of theoretical modeling and 

underscores the significance of the UQ model in accounting for uncertainties stemming from 

various manufacturing factors.  

 

Polynomial Regression 

 

Polynomial regression formulas were calculated using the programming computational 

software MATLAB in the form of   𝑌 = 𝐴 𝑋 + 𝐴ିଵ 𝑋ିଵ … 𝐴, with the primary objective of 

discerning potential trends in single-variable data. In this equation, Y represents the dependent 

variable, A corresponds to the linear coefficient or weighted value, X denotes the independent 

variable, and n serves as the power identifier. When identifying the power identifier for an 

unknown variable, it is important to identify the power which develops the closest representation 

using the smallest magnitude. To identify the optimal power identifier illustrated by trendlines 

which encompass the experimental data, three different powers, 1, 2, and 3 in the polynomial 

regression analysis were tested. analysis was tested. The following were the most relevant trends, 

each accompanied by its respective polynomial function. 
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INFLUENCE ON DEGREE OF DAMAGE CAUSED BY CURING TIME 

 

To explore potential trends related to curing time before testing, the specimens were 

categorized into three distinct MEKP concentration groups (1%, 1.25%, and 1.5%). This approach 

provided a more precise focus on the time-related impact. Figures 2.5, 2.6, and 2.7 depict the 

experimental data, illustrating the degree of damage (DoD) (%) in relation to cure/rest time before 

testing (hours), along with the polynomial regression trends. 

 

 

Figure 2.5: DoD Vs. Time (1.00% MEKP), 𝑫𝒐𝑫 =  −. 𝟎𝟎𝟐𝒙𝟑−. 𝟎𝟎𝟖𝟒𝒙𝟐 + 𝟑𝟐. 𝟔𝟑𝟏𝟒 
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Figure 2.6: DoD Vs. Time (1.25% MEKP), 𝑫𝒐𝑫 =  𝟎. 𝟎𝟎𝟎𝟖𝒙𝟐−. 𝟏𝟒𝟏𝟒𝒙 + 𝟑𝟐. 𝟒𝟗𝟏𝟏 

 

Figure 2.7: DoD Vs. Time (1.50% MEKP), 𝑫𝒐𝑫 =  −𝟎. 𝟎𝟎𝟏𝟐𝒙𝟐+. 𝟏𝟏𝟗𝟐𝒙 + 𝟐𝟕. 𝟒𝟗𝟎𝟗 

 

Figures 2.5, 2.6, and 2.7 clearly indicate a consistent pattern: as the duration of curing time 

increased, the degree of damage decreased. This trend was observed across all cases, with one 

exception in the 1.5% concentration group, where 48 hours showed a slightly higher degree of 

damage compared to 24 hours. Nevertheless, the 96-hour mark demonstrated a substantial 

reduction in the degree of damage, aligning it with the overarching trend seen in the other cases. 
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Influence on degree of damage caused by MEKP concentration 

 

To investigate the influence of MEKP concentration, the specimen tests were divided into three 

distinct MEKP concentrations: 1%, 1.25%, and 1.5%. Plots of the degree of damage (%) versus 

MEKP Concentration (%) were generated to assess this impact. Figures 2.8, 2.9, and 2.10 depict 

the relationship between the degree of damage (DoD) (%) and MEKP Concentration (%) using the 

experimental data, along with their respective polynomial regression trends. 

 

 

 

Figure 2.8: DoD Vs. Concentration (48 hours), 𝑫𝒐𝑫 =  𝟏𝟑. 𝟐𝟗𝟒𝟎 − 𝟐𝟕. 𝟑𝟖𝟒𝟖𝒙𝟐 + 𝟒𝟔. 𝟑𝟖𝟔𝟗 
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Figure 2.9: DoD Vs. Concentration (48 hours), 𝑫𝒐𝑫 =  𝟑𝟎. 𝟒𝟕𝟒𝟎𝒙𝟑 − 𝟓𝟖. 𝟗𝟔𝟖𝟑𝒙𝟐 + 𝟔𝟎. 𝟏𝟖𝟓𝟑 

 

 

Figure 2.10: DoD Vs. Concentration (48 hours), 𝑫𝒐𝑫 =  𝟐𝟎. 𝟏𝟏𝟒𝟎𝒙𝟑 − 𝟑𝟗. 𝟗𝟒𝟗𝟗𝒙𝟐 +

𝟒𝟗. 𝟓𝟎𝟕𝟗 

 

Figures 2.8, 2.9, and 2.10 clearly demonstrate that deviations from the manufacturer's 

recommended MEKP concentration (1.25%) led to an increase in the degree of damage. Specimens 

with lower MEKP concentration exhibited a higher degree of damage compared to those with 
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higher MEKP concentration. This can be attributed to incomplete curing in the samples with lower 

MEKP concentrations and excess hardener present in higher MEKP concentrations. 

 

Multilinear Regression (MLR) 

 

As mentioned previously, multilinear regression was selected for the global scale analysis due 

to its minimal test case requirements to develop the statistical model while still incorporating 

multiple variables. MLR was employed to incorporate the different influences the isolatable 

variables (cure time before testing and hardener concentration) had with one another and their 

overall effect on degree of damage. The multilinear regression formula developed using MATLAB 

followed the equation format: 𝐷𝑜𝐷ீ = 𝐺 + 𝐵ଵ 𝑡 + 𝐵ଶ 𝑐. In this equation, DoDGlobal represents 

the predicted degree of damage (%), G is the y-intercept (a constant), B1 and B2 are calculated 

weights for the variables, t denotes time (in hours), and c stands for MEKP concentration (%). 

To account for the influence exhibited by the miscellaneous variables, it is imperative to 

identify methods for its isolation and incorporation. In this study, the incorporation of isolating 

each batch’s variance to define the miscellaneous variable is employed and utilized to form a 

global miscellaneous influence, assuming the variance within a batch is caused by the 

miscellaneous influence. Definition of miscellaneous influence in each batch was incorporated 

using the coefficient of variation (CV) [271], [272], by dividing the average value within the 

respective batch by its standard deviation to develop a percentile influence caused by the 

miscellaneous variables. After each batch’s miscellaneous variance was defined, the overall 

average and standard deviation for the miscellaneous influence was calculated. By performing this 

step for all 9 batches, a percentile range of miscellaneous uncertainty was classified on average to 

be 13.7% with a standard deviation of 2.9%. 

Combining DoDGlobal with the percentile range influence, the final theoretical equation was 

obtained: 𝐷𝑜𝐷ீ = (𝐺 + 𝐵ଵ 𝑡 + 𝐵ଶ 𝑐) ∗ (13.7 ± 2.9%). This final equation was then 

populated within MATLAB using the values of time ranging from 24 to 96 hours, and MEKP 
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concentrations (%) ranging from 1.00% to 1.50% to compare with the experimental data. The raw 

experimental data is illustrated within Figure 2.11, the development of the statistical representation 

and envelope are illustrated in Figure 2.12, and the comparison of the experimental data and the 

statistical representation is illustrated in Figure 2.13. 

 

 
          Figure 2.11: Experimental Degree of Damage from the 9 Tested Specimen Batches       

   

 

Figure 2.12: Theoretical Range for the Degree of Damage Developed by DoDGlobal 
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Figure 2.13: Evaluation Graph the Batch Testing Results and the Developed Theoretical Range 

𝑫𝒐𝑫𝑮𝒍𝒐𝒃𝒂𝒍 = (𝟑𝟔. 𝟔𝟕𝟕𝟗 − 𝟎. 𝟎𝟑𝟒𝟕𝒕 − 𝟒. 𝟑𝟏𝟑𝟎𝒄) ∗ (𝟏𝟑. 𝟕 ± 𝟐. 𝟗%) 

 

Figure 2.11 displays the experimentally obtained degree of damage values, with each column 

representing a batch of samples, as previously detailed in Table 2.1. Each column shows the 

maximum and minimum degree of damage at the top and bottom, while the middle portion 

represents the mean degree of damage for that specific batch.  

Figure 2.12 represents the theoretical range of the degree of damage (DoD), derived from the 

DoDglobal equation. The middle plate (Turquoise) signifies the predicted averages of DoD with 

relation to independent variables using the DoD global equation before applying the miscellaneous 

uncertainty variance. The top two plates (red) and bottom two plates (blue) represent the average 

coefficient of variance caused by the miscellaneous variables (second from the top and second 

from the bottom) and its standard deviation (top and bottom). The overall probabilistic envelope 

is defined by the extrema plates (top and bottom), with the identification from the standard 

deviations stating experimental results should exist in between them with 95% confidence. 

Figure 2.13 illustrates how all of the experimental batches test data fit within the predictive 

range of the probabilistic envelop, displaying a strong correlation with the global mean and 
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standard deviation. Analysis of the DoD global equation and the respective coefficients applied to 

variables reveal the global sensitivity with respect to each variable. The absolute value of the 

coefficient highlights the overall influence on the degree of damage, with a higher magnitude 

carrying a higher influence. The miscellaneous variables had the highest influence accounting for 

a 13.7% variance on average. The MEKP concentration had the second highest influence with a 

coefficient magnitude of 4.31. Cure time before testing had the least influence with a coefficient 

magnitude of 0.0347. 

 

CONCLUSION 

To investigate the influence of uncertainty within constituent materials, this study delved into 

the uncertainty quantification of vinyl-ester resin samples. Within the study, two variables of 

prejudicial uncertainty which could be tested to identify their variance within system were 

identified as the resin to hardener concentration percentage and the cure time before testing. A 

third miscellaneous variable was used to encompass the variance caused by unknown variables 

while still enabling them to be accounted for within probabilistic study. These factors were 

systematically examined to gain insights into their impact on the mechanical behavior of vinyl-

ester specimens subjected to impact loading at room temperature (25 °C). Notable findings from 

this inquiry are as follows: 

 Interactions of the miscellaneous variable introduced variations of approximately 

±13% across the batches tested. 

 While cure kinetics studies have shown that the overall degree of cure is achieved 

within 10 hours at room temperature [273], the results showed increasing the time 

between curing of the specimen and testing resulted with a decrease in the degree of 

damage by up to 3% at 96 hours. This increase in mechanical properties has been 

observed when comparing specimens cured at room temperature and tested in a range 

of 24 to 168 hours after [274]. 
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 Deviations from the recommended MEKP concentrations of 1.25% resulted in an 

increase in damage, this is attributed to a decrease in hardener resulting in insufficient 

crosslink promotion [275], and an increase in hardener leading to an upsurge in the 

crumble of peroxides and the creation of highly reactive free radicals [276] resulting in 

a reduction to the stiffness of the material. 

 Multilinear regression (MLR) proved adept at capturing the sensitivities of the degree 

of damage, with short-term tests showing MEKP concentration (%) to exert greater 

influence than cure time before testing, as evidenced by a greater coefficient magnitude 

of 4.31 from the DoDGlobal equation. 

 By incorporating a miscellaneous global mean and standard deviation, multilinear 

regression (MLR) generated a theoretical predictive equation that closely aligned with 

the experimental data. 

These initial investigations underscore the substantial potential for uncertainty quantification 

within a polymer resin matrix, such as vinyl-ester resin. As further research is conducted, and more 

variables with uncertain variances are tested the overall influence of miscellaneous variance will 

diminish. A comprehensive understanding of the effects of various sources of uncertainty on the 

mechanical properties of composites is imperative for establishing guidelines for optimal 

composite manufacturing. 

 

 

 

 

 
  



62 

Chapter 3: Kevlar Pulp Interlaminar Reinforcement for Carbon Fiber Reinforced Polymer 

Composites 

INTRODUCTION 

Due to the ice melting in the Arctic, new navigation routes have been created, and it is 

projected an increase in transportation [2], [277]. The naval vessels traveling these routes will be 

subjected to a plethora of extreme environmental conditions, such as temperatures as low as -60 

◦C, seawater, and impact events (dropped tools, hail, submerged ice) [278], [279]. Carbon fiber 

reinforced polymer (CFRP) composites have been widely used in the naval industry due to their 

lightweight, high specific strength, and high specific stiffness [280]–[284]. A major concern of 

CFRP laminates used for naval vessels in Arctic navigation is their low resistance to impact 

damage due to their layered nature and the Arctic temperature effect on them. Low-velocity impact 

(LVI), which occurs at velocities below 10 m/s [285], produces barely visible impact damage 

(BVID) on the composite surface but with the potential of significant internal damage [286].  

LVI response of CFRP laminates at room temperature (RT) [287]–[308] and low 

temperatures [64], [73], [309]–[314] have been studied extensively in the past. They have reported 

that during an impact event, the most common failure mechanisms are matrix-cracking, fiber 

pullout, and delamination due to their poor toughness in the resin-rich region (interlaminar region) 

between the layers [315]–[321]. Delamination is one of the most dangerous forms of damage in 

composites because of its drastic reduction in material strengths while being difficult to detect 

[322]. Gomez-del Rio et al. (2005) [323] performed LVI tests to identify the influence of different 

stacking sequences (unidirectional, cross-ply, quasi-isotropic, and woven) and low temperatures 

on carbon fiber reinforced epoxy matrix laminates. Samples were tested at 20 °C, -60 °C, and -150 

°C using impact energies ranging from 1 J to 13 J. It was reported that as the temperature decreased, 

the damaged area increased. Papa et al. (2019) [324] performed LVI tests on carbon fiber 

reinforced composites using two different matrix materials: vinyl-ester and epoxy resin. Samples 

were subjected to 5, 10, and 20 J impact energies at 25 °C and -25 °C. They concluded that as the 
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temperature decreased, the epoxy resin samples exhibited a damage increase, while the specimens 

with vinyl ester resin showed lesser amounts of delamination at lower temperatures. Castellanos 

et al. (2018) [309] investigated the LVI response of woven carbon vinyl ester samples subjected 

to 20, 25, 30, and 35 J at 25 °C and -50 °C. They reported that at -50 °C, the main damage 

mechanism was fiber breakage, while at 25 °C it was matrix cracking. In an encompassing report 

with literature from 1994-2020 regarding the low-temperature effects on CFRP composites, Sapi 

et al. (2020) [325] reported that colder temperatures had a positive effect on CFRPs’ strength, 

modulus, and fatigue properties, with adverse effects in the form of reductions to ductility, failure 

strain, and impact strength. 

A deep understanding of the failure mechanisms involved when composites are subjected 

to LVI at Arctic temperature (-60 °C) is necessary to design lightweight and damage tolerant 

structures for Arctic naval applications. There is always the need to improve the interlaminar 

region to strengthen the overall through-thickness properties of the composites. In an effort to 

improve the through-thickness properties of CFRP laminates, there have been many studies on 

interlaminar reinforcement methods including, Z-pinning [325]–[333], Carbon Nanotubes [[282], 

[334]–[339], Vertically Aligned Carbon Nanotubes, [340]–[343], 3D Weaving [16], [61], [344]–

[347], Stitching [348]–[351], Tufting [352]–[356], Interleaving/ShortFibre [357]–[360], Graphene 

Nanoplatelets [361]–[365], and ZnO Nanowires [366]–[369]. While these methods have been 

shown to increase the through-thickness mechanical properties, they substantially increase the cost 

and complexity of manufacturing, and decrease the in-plane mechanical properties of the 

composites [370]. Micro-length aramid fibers (Kevlar® pulp) have been studied recently as 

interlaminar reinforcement that can increase the delamination toughness and improve the through-

thickness properties without adding significant changes to the manufacturing process [371]–[373]. 

Ye 2021 et al. [373] investigated the compression-after-impact (CAI) of carbon fiber composites 

with interlays of Aramid pulp micro-/nanofibers. The samples were subjected to impact energies 

of 3.8 and 9.3 J. After impact, CAI tests were performed on the impacted specimens. They 

concluded that delamination was reduced due to the bridging effects of the aramid microfibers that 
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produced a “linking” effect with the layers of carbon fibers, localizing the damage, and absorbing 

impact energy. In addition, they concluded that the Aramid pulp increased the CAI strength up to 

86.7%. Yang et al. [374] investigated the enhancement of Basalt Fiber Reinforced Polymer 

(BFRP) composites by introducing Aramid Pulp (AP) fibers with micro-fiber trunk and nano-fiber 

branches as interleaving at BFRP interlayers. This innovative approach strengthened the flexural 

strengths and elastic moduli and promoted quasi-vertical fiber bridging behaviors in the interfacial 

transition region. The introduced AP fibers illustrated fiber bridging preventing crack propagation 

along the bonding interface of BF/epoxy. Three-point bending tests reveal that the 4 g/m2 AP 

interleaving exhibits the most significant improvement, yielding a 63.4% increase in flexural 

strength and a 47.1% increase in elastic modulus compared to the base composites. In addition to 

the strengthening effect in the through-thickness properties of composite materials, Kevlar® pulp 

offers the benefit of being easy on manufacturing. Due to the reinforcement existing in the form 

of matrix modification through micro-fibers, it can be implemented in a quickly large-scale 

operation for commercially reinforced prepreg composites [372]. While there have been several 

studies regarding Aramid pulp, there is a lack of research regarding the implementation of Kevlar® 

pulp as an interlaminar reinforcement in CFRP composites subjected to LVI at Arctic 

temperatures. 

This study investigates the feasibility of Kevlar® pulp as an interlaminar reinforcement for 

CFRP laminates subjected to LVI at Arctic temperatures (AT). Woven carbon fiber and vinyl-ester 

resin samples were manufactured with Kevlar® pulp interlaminar reinforcement (reinforced) and 

without interlaminar reinforcement (pristine). Drop-weight impact events were performed using 

an Instron CEAST 9340 drop tower impact system, with impact energies of 5, 10, 15, and 20 J. 

The LVI responses of unreinforced and Kevlar® pulp reinforced CFRPs at room (RT) and AT 

were elucidated. For each energy and each temperature, four samples were tested. The impact 

responses were evaluated based on impact duration time (ms), contact force (N), velocity (m/s), 

energy (J), and displacement (mm). In addition, the BVID at the impacted and back face of the 

CFRP composites were evaluated with an optical microscope. 
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MATERIALS AND COMPOSITE FABRICATION 

Material Selection 

Compared to unidirectional fibers, woven carbon fiber’s fiber architecture has an inherent 

crack propagation mitigation [375]. Therefore, 3K plain weave woven carbon fiber from 

FibreGlast [270] was selected for this study. Matrix material selection consisted of #1110 vinyl-

ester resin from FibreGlast. Vinyl-ester resin is a commonly used matrix system for marine 

applications due to its UV resistance and corrosive resistance [183], [184]. Methyl-Ethyl Ketone 

Peroxide (MEKP) was used as the hardening agent for vinyl-ester resin. Kevlar® pulp (fibrillated) 

was obtained from FibreGlast. The microfibers were about 10-20 µm in diameter and 0.5-1.7 mm 

in length [283]. Table 3.1 shows the mechanical properties of the material system: 

 
Table 3.1 Woven Carbon Fiber, Vinyl-Ester Resin, and Kevlar® pulp Mechanical Properties 

 Woven Carbon Fiber [60] Vinyl-Ester Resin 

[270] 

Kevlar® pulp 

[270] 

Tensile Modulus  (GPa) 227.5-240.6 3.7 58.8 

Tensile Strength  (GPa) 4.2 - 4.4 82.7 ----- 

Density (kg/m3 ) 1750 - 2000 1.80 1.40 

Nominal Thickness (mm) 0.3048 ----- ----- 

 
Design and Fabrication of CFRP Composites 

Two different CFRP laminates were manufactured pristine (no interlaminar 

reinforcements) and reinforced (Kevlar® pulp interlaminar reinforcement). For both laminates, 16 

layers of plain weave woven carbon fiber with a stacking sequence of [0/90] with the size of 330 

x 330 mm were cut. 
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Unreinforced Matrix Preparation 

The matrix mixture consisted of vinyl-ester resin and MEKP as the hardening agent at a 

ratio of 100:1.25 by weight to follow manufacturer specifications. The resin was mixed for 

approximately 2 minutes mixing time to ensure the fibers were adequately dispersed within the 

resin matrix system. Adequate dispersion was identified visually by a uniform consistency 

throughout the matrix and a homogenous change in color was observed. 

 

   

a) Closed/Agglomerated Kevlar® Pulp                 b) Open Kevlar® Pulp 
Figure 3.1: Forms of Kevlar® Pulp: a) Closed, b) Open  

 
Reinforced Matrix Preparation 

Kevlar® pulp arrives from the manufacturer as conglomerated pellets (also known as 

clumps/closed pellets), seen in Figure 3.1a where the micro-fibers are clumped into individual 

masses. To ensure micro-fiber dispersion within the resin for matrix modification, these 

conglomerations need to be broken apart (also termed separated/opened). To ensure micro-fiber 

dispersion and break apart the conglomerated pulp, a Krupps flat blade commercial-grade coffee 

bean grinder with 20,000 revolutions per minute (RPM) is used to break them apart mechanically 

and to ensure uniform dispersion. The conglomerated pulp is placed inside of the Krupps blender, 
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not exceeding half of the blender’s volume capacity. This allows the blender’s blades to break the 

masses apart without the pulp compacting due to volume increase as the fibers disperse. The 

blender is operated in 20-second bursts, with a pause to reposition fibers clinging to the roof of the 

container due to static cling and repeated for a total of 3 cycles of 20-second bursts. This process 

proved to be sufficient to break apart the conglomerated Kevlar® pulp and was visualized by loose 

Kevlar® pulp fibers that appear more voluminous without rounded edges caused by clumping 

(Figure 3.1b). After the Kevlar® pulp had been sufficiently broken apart, it was added to the vinyl-

resin/MEKP mixture, which was mixed previously for five minutes. The ratio of the resin to 

Kevlar® pulp was 15:1 by volume as advised by the manufacturer FibreGlast. 

 
Laminate Manufacturing (Pristine and Reinforced) 

 
Figure 3.2: Laminate Layup Representation 

 

 
Figure 3.3: Kevlar® Pulp Reinforced CFRP specimen fabrication 
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The hand lay-up method was used for both laminates (pristine and reinforced). Two flat 

aluminum molds were wrapped with Stretchlon® 800 Bagging film. Then on top of one aluminum 

mold, a Teflon sheet of 350 x 350 mm was placed to aid with the laminate removal after curing. 

After that, the first woven carbon layer was laid, and resin was applied and distributed with a 

silicone squeegee. This process was repeated 16 times with the corresponding resin for pristine 

and reinforced laminates. Once the lay-up was completed, the Teflon sheet and second aluminum 

mold were placed on the top of the laminate, as seen in Figure 3.2. Finally, the laminate was placed 

in a Wabash Genesis hydraulic press, with a uniaxial pressure of 2 MPa for 2 hours at room 

temperature to cure. After the 2-hour cure time, the lay-up system was removed from the press and 

left to rest for 24 hours to ensure the laminate had fully cured as recommended by the manufacturer 

FibreGlast. Then specimens were cut to the dimensions of 150 mm x 100 mm using an in-house 

Wazer desktop waterjet cutter to ensure smooth edges and reduce the risk of delamination. These 

dimensions were based on the ASTM D7136M-20 “Standard Test Method for Measuring the 

Damage Resistance of a Fiber-Reinforced Polymer Matrix Composite to Drop-Weight Impact 

Event” [376]. After cutting, specimens were set aside for another 24 hours to completely dry. Then 

specimens were placed into individual plastic bags to avoid environmental contamination and 

conditioned to their respective test temperatures. The pristine and reinforced samples had a 

thickness of 4.2 ± 0.2 mm and 4.2 ± 0.3 mm, respectively. Representation for the manufacturing 

process is illustrated in Figure 3.3. A total of 48 samples were obtained, which allowed 3 pristine 

and 3 Kevlar® pulp reinforced specimens to illustrate representative data for each impact 

energy/temperature combination. 

 
Laminate Conditioning 

Conditioning of RT specimens consisted of the bagged specimens sitting inside a closed 

container at 25 °C for 48 hours. Bagged specimens marked for arctic temperature tests were placed 

into a Thermo-Scientific (TSU 600) chiller at -60 °C for 48 hours prior to testing. 
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EXPERIMENTAL PROCEDURES 

 
Figure 3.4: Impact Machine Setup 

 

LVI tests were performed using an Instron CEAST 9340 drop tower impact machine. 

Specimens rested within a steel clamp system with a 76 mm diameter cutout acting as simple 

support during impact events, as seen in Figure 3.4. A steel hemispherical striker with a 12 mm 

diameter and a mass of 3.1 kg was used for all impact events. The impact energies were calculated 

according to the kinematic energy equation (Eq 1): 

 

𝐾𝐸 =
1

2
∗ 𝑚 ∗ 𝑣ଶ (1) 

Where, KE represents kinetic energy or impact energy, m represents striker mass, and v 

represents the striker’s velocity. The impact energies selected were 5J, 10J, 15J, and 20J, to 

coincide with low impact velocities of 1.82 m/s, 2.57 m/s, 3.16 m/s, and 3.65 m/s, respectively. 

The Instron impact machine calculated the striker’s velocity by altering the initial height of the 

striker relative to its internal photocell using the potential energy equation (Eq. 2): 

𝑃𝐸 = 𝑚𝑔ℎ (2) 

Where, PE represents potential energy, m represents striker mass, g represents the 

gravitational constant (9.81 m/s 2 ), and h represents the height of the striker relative to the top of 
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the laminate specimen. Impact response data was recorded using the data acquisition system (DAS 

8000 Junior) where time (ms), contact force (N), velocity (m/s), energy (J), and displacement (mm) 

were recorded during the impact event at 666 (kHz) . The BVID on the impacted and back face of 

the laminates was evaluated with an AmScope optical microscope with 100x magnification, where 

the failure mechanisms in the form of matrix cracking, fiber pullout, and fiber breakage were 

identified. 

Arctic temperature tests followed the previously mentioned setup for impact tests, but with 

the addition of an environmental chamber, which was conditioned to -60 °C for 20 minutes prior 

to each impact test with liquid nitrogen LN2. Previous studies have shown that by preconditioning 

the chamber for a minimum of 20 minutes before testing, thermal equilibrium can be ensured for 

the AT environment. 

 
RESULTS AND DISCUSSION 

The LVI responses of the laminates were analyzed based on the contact force (N), 

displacement (mm), energy (J), and time (ms) for the impact energies of 5, 10, 15, and 20 J. In 

addition, post-impact visual inspection was performed using an optical microscope to identify the 

BVID on the surface of the impacted and back face of the samples. 
Contact Force-Time Histories 

Figure 3.5 shows the representative force-time graphs of pristine (no reinforce) and 

Kevlar® pulp reinforced specimens subjected to impact energy of 20 J at RT and AT. The curves 

of the samples (RT-Reinforced, AT-Pristine, and AT-Reinforced) have smooth, similar profiles. 

This behavior was also observed for all the samples (pristine and reinforced) impacted at 5, 10, 

and 15 J at both temperatures. For this reason, only the 20 J impact sample graphs are shown. The 

RT-Pristine impacted at 20 J were the only samples that exhibited a sudden drop in load. This is 

associated with the loss in stiffness of the laminate due to fiber fracture and delamination [326]. 

During LVI events, the force increased rapidly to the maximum value as soon as the striker was in 
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contact with the laminate. The oscillations observed in the increasing portion of the force-time 

graph were produced due to internal damage such as matrix cracking, fiber breakage and 

delamination [282]. After the maximum impact force (peak force) was reached, the striker 

rebounded from the specimen. In the case of the 20 J RT-Pristine samples, the striker rebounded 

after the drop in load. Then the force dropped to 0, signifying that the striker detached from the 

specimen. This post-peak behavior is only observed for laminated composites subjected to LVI 

events, where the striker rebounded. The peak force for the pristine and reinforced samples tested 

at all the impacted energies at both temperatures is presented in Figure 3.6. The peak force 

increased as the impact energy increased. At AT, the matrix became stiffer and rigid. For this 

reason, the samples tested at AT (AT-Pristine and AT-Reinforced) exhibited higher impact forces 

as compared to their RT counterparts (RT-Pristine and RT-Reinforced). The addition of 

interlaminar reinforcements to the laminates increased their rigidity. Therefore, all the reinforced 

samples experienced higher peak forces than pristine specimens. The explanation of the AT and 

reinforcement stiffening effect in the laminates is provided in section 4.6. 
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Figure 3.5: Representative force-time graphs of pristine and reinforced composites subjected to 
20 J at RT and AT. 

 

 
Figure 3.6: Average peak force of all the reinforced and pristine samples tested at both 

temperatures (RT and AT) and at all impacted energies (5, 10, 15, and 20 J). 
Contact Force-Displacement Histories 

Figure 3.7 shows the representative force-displacement graphs of pristine and Kevlar® 

pulp reinforced specimens subjected to impact energy of 20 J at RT and AT. The initial slope of 

the force-displacement curve represents the bending stiffness. The bending stiffness for the pristine 

and reinforced samples tested at all the impacted energies at both temperatures is presented in 

Figure 3.8. The bending stiffness for the samples impacted at AT was higher than their RT 

counterparts due to the matrix’s increase in stiffness and rigidity at low temperatures. All the 

reinforced samples experienced higher bending stiffness than their pristine counterparts due to the 

stiffening effect of the Kevlar® pulp reinforcement. As the impact energy increased, the samples 

impacted at AT showed a decreasing trend in their bending stiffness. This is because, at low 

temperatures, the matrix became stiffer and more brittle [282]. This decrease in bending stiffness 

is attributed to the increase in damage at low temperatures. On the other hand, the RT samples 
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showed an increasing trend in their bending stiffness as the impact energy increased. This increase 

in bending stiffness is attributed towards the rate-dependency exhibited by many polymers [377]. 

The maximum displacement for the pristine and reinforced samples tested at all the 

impacted energies at both temperatures is presented in Figure 3.9. As the impacted energy 

increased, an increasing trend was observed in the maximum displacement of all the samples. Due 

to the stiffening effect of the AT and the Kevlar® pulp reinforcement, the AT-Reinforced samples 

experienced the lowest deflection. Conversely, the RT-Pristine samples experienced the highest 

deflection. The enclosed area of the force-displacement graph represents the absorbed energy by 

the samples. The AT-Reinforced had the lowest enclosed area of all the graphs. Therefore, the 

laminate experienced the least amount of damage of all the tests. Conversely, the RT-Pristine 

experienced the highest damage of all the samples. This can be seen in the large area under the 

curve and the drop in load. The energy absorption of the samples is discussed in more detail in the 

following section. 

 
Figure 3.7: Representative force-displacement graphs of pristine and reinforced composites 

subjected to 20 J at RT and AT.  
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Figure 3.8: Average bending stiffness of all the reinforced and pristine samples tested at both 

temperatures (RT and AT) and at all impacted energies (5, 10, 15, and 20 J). 

 
Figure 3.9: Average maximum displacement of all the reinforced and pristine samples tested at 

both temperatures (RT and AT) and at all impacted energies (5, 10, 15, and 20 J). 
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Impact and Absorbed Energy 

Figure 3.10 illustrates a representative energy-time graph of a composite laminate that was 

subjected to an LVI event. The maximum energy corresponds to the impacted energy. The 

absorbed energy by the laminate corresponds to the plateau region of the graph, and it is the energy 

that is dissipated in the composite structures by failure mechanisms, such as crack propagation, 

delamination, or perforation [378]. The elastic energy is calculated as the difference between the 

impact energy and absorbed energy, as seen in Eq. 3. This is the energy that goes back to the 

system through the striker’s rebound. The degree of damage (DoD) represents the scale of damage 

a laminated composite could receive during an LVI event on a scale of 0 to 1, where 0 illustrates 

no damage has occurred and 1 illustrates perforation of the flat panel. Any value within the 0 to 1 

scale represents that the laminate has received permanent damage through failure mechanisms 

(e.g., matrix cracking, fiber failure, fiber pullout, delamination). DoD is calculated as the ratio of 

absorbed energy to impact energy, as seen in Eq. 4. 

𝐸𝑙𝑎𝑠𝑡𝑖𝑐 𝐸𝑛𝑒𝑟𝑔𝑦 = 𝐼𝑚𝑝𝑎𝑐𝑡 𝐸𝑛𝑒𝑟𝑔𝑦 − 𝐴𝑏𝑠𝑜𝑟𝑏𝑒𝑑 𝐸𝑛𝑒𝑟𝑔𝑦 (3) 

 

𝐷𝑒𝑔𝑟𝑒𝑒 𝑜𝑓 𝐷𝑎𝑚𝑎𝑔𝑒 =
𝐴𝑏𝑠𝑜𝑟𝑏𝑒𝑑 𝐸𝑛𝑒𝑟𝑔𝑦

𝐼𝑚𝑝𝑎𝑐𝑡 𝐸𝑛𝑒𝑟𝑔𝑦
 (4) 

 

 
Figure 3.10: Representative energy-time graph.  
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Figure 3.11: Representative energy-time graphs of pristine and reinforced composites subjected 

to 20 J at RT and AT.  

 
Figure 3.12: Average degree of damage for all the reinforced and pristine samples tested at both 

temperatures (RT and AT) and at all impacted energies (5, 10, 15, and 20 J). 
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 Figure 3.11 shows the representative energy-time graphs of pristine (non-reinforced) and 

Kevlar® pulp reinforced specimens subjected to impact energy of 20 J at RT and AT. The sample 

that absorbed less energy was the AT-Reinforced. This lesser magnitude of damage is represented 

by the lower value of the plateau region, signifying the laminate absorbed less energy through 

deformation or failure mechanisms. This is attributed to the increase in stiffness of the laminate 

due to low temperatures and the Kevlar® pulp reinforcement. On the other hand, the RT-Pristine 

sample absorbed the most energy of all the samples. The drastic increase in absorbed energy 

corresponds to the drop in load observed in the force-time (Figure 3.5) and force-displacement 

(Figure 3.7) graphs due to fiber breakage at the back face of the laminate. The DoD for the pristine 

and reinforced samples tested at all the impacted energies at both temperatures is presented in 

Figure 3.12. As the impact energy increased, the DoD increased for all the samples, signifying an 

increase in damage. The RT-Pristine samples experienced the higher DoD of all the samples at 

their respective impact energy. All the samples tested at AT (reinforced and pristine) had lower 

DoD than their RT counterparts (reinforced and pristine). The reinforced specimens had lower 

DoD than their pristine counterparts at both temperatures. 

 
Arctic Temperature Effect on the CFRP Composites 

The two toughening mechanisms of CFRP laminates exposed to AT are: 1) the coefficient 

of thermal expansion (CTE) mismatch between the fiber and the matrix and 2) the increased 

intermolecular bond forces of the matrix. As the temperature drops, the CTE mismatch between 

the fiber and matrix increases the laminate’s interfacial shear strength. As a result, the laminates’ 

tensile strengths increase the laminates’ rigidity [379]. The intermolecular bond forces of the 

matrix increase at low temperatures [380], [381]. Therefore, the laminates became more rigid but 

brittle at AT [325], [382]. Due to the increase in rigidity and stiffness of the laminates at low 

temperatures, the samples experienced higher bending stiffness and peak forces while exhibiting 
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a lower DoD and displacement than their RT counterparts. For this reason, less damage was 

observed for all the samples tested at AT. 

 
Kevlar® Pulp Reinforcement Effect on CFRP Composites 

Kevlar® pulp has been shown to have the potential to increase the impact damage tolerance 

of composite materials by strengthening their interfacial resin-rich and suppressing delamination. 

Although interlaminar reinforcements can increase the fracture toughness of composites, it is well 

known that any increase in thickness can drastically reduce the volume fraction and in-plane 

strength of the composite [383]–[385]. The Kevlar® pulp reinforced resin-rich regions had an 

average increase of approximately 8.75 µm as compared to the pristine samples. This is attributed 

to the high curing pressure (2 MPa) used during manufacturing. Kevlar® pulp is a combination of 

microfibers and nanofibers that, after being mixed with the resin, are randomly and evenly 

distributed between the carbon fiber layers. When the laminate is subjected to compression in the 

manufacturing process, the fibers are pushed into the gaps between the woven layers and are 

intertwined with the carbon fiber bundles [373]. During an LVI event, the Kevlar® microfibers 

are pulled out, split, or broken, creating a fiber bridging effect that suppresses delamination growth 

[372], [373]. Due to the increase in stiffness and damage tolerance, the reinforced laminates 

exhibited lesser DoD and displacements and higher peak forces and bending stiffness than their 

pristine counterparts at all impact energies and temperature conditions. 

 
Damage Mechanisms 

Figures 3.13 and 3.14 show the impacted face (front) and back face (back) of the reinforced 

and pristine laminates subjected to 5 and 20 J at RT and AT. All the samples impacted at 5, 10, 

and 15 J exhibited similar failure mechanisms. For this reason, the BVID of the specimens 

impacted at 5 J and 20 J are presented. With a brief description of the damage mechanisms 

observed within each representative specimen. 
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Pristine sample impacted with 5 J at room temperature: Front face damage was observed 

at the impact site in the form of matrix cracking in a cross-pattern. The cracking extended outwards 

from the center of the impact site up to 14 mm. There was no observed back face damage. 

Reinforced sample impacted with 5J at room temperature: Front face damage was observed 

at the impact site in the form of matrix cracking in a cross-pattern. The cracking extended outwards 

from the center of the impact site up to 10 mm. There was no observed damage on the back face. 

Pristine sample impacted with 5 J at arctic temperature: Front face damage was observed 

at the impact site in the form of matrix cracking primarily in a circular pattern coinciding with the 

location of the striker impact. The back face observed no damage. 

Reinforced sample impacted with 5 J at arctic temperature: There was no observed visible 

damage on the front face, nor the back face. 

Pristine sample impacted with 20 J at room temperature: Front face damage was observed 

at the impact site in the forms of matrix cracking and fiber breakage. Matrix cracking coincided 

primarily with the location of the striker impact. Fiber breakage and matrix cracking continued 

through to the back face as the striker began to perforate the laminate. 

Reinforced sample impacted with 20 J at room temperature: Front face damage was 

observed at the impact site primarily consisting of matrix cracking in a large cross-pattern and 

minimal fiber breakage at the center of the impact site. The matrix cracking extended outwards 

from the impact site up to approximately 23 mm. The back face observed minimal matrix cracking 

in a circular pattern approximately 15 mm in diameter. 

Pristine sample impacted with 20 J at arctic temperature: Front face damage was observed 

at the impact site as matrix cracking in a cross pattern, the largest cracking extended approximately 

10 mm from the center of the impact site. The back face observed matrix cracking in a circular 

pattern with an overall diameter approximately 11 mm. 

Reinforced sample impacted with 20 J at arctic temperature: Front face damage was 

minimal with a matrix crack approximately 3 mm long at the center of the impact indentation. The 

back side observed matrix cracking in a circular pattern approximately 10 mm in diameter. 
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From the analysis of damage mechanisms within each representative specimen, several 

comparisons can be made. At room temperature, reinforced specimens saw smaller areas of matrix 

cracking at low energies, and an increased presence of matrix cracking at higher energies, however 

fiber breakage to the degree seen by pristine samples never occurred in reinforced samples. The 

increased matrix cracking as opposed to fiber breakage and perforation can be attributed to the 

microfiber’s interlinking and fiber bridging. The presence of the Kevlar® pulp resulted in less 

damage due to the strengthening of the matrix through inter-ply fiber bridging mitigating 

delamination and crack propagation [374].  

Regarding temperature, the specimens impacted with low and high energies within a room 

temperature environment observed more damage. This was illustrated by the increased matrix 

cracking and penetration observed within the laminates. Specimens impacted at arctic 

temperatures observed smaller matrix cracking, and there was never penetration of the laminate. 

The increased impact resistance within arctic test specimens is correlated to the increase in rigidity 

of the matrix resulting from the lower temperatures hindering polymer chain mobility [113].  

 

 
Figure 3.13: Representative BVID zones for Pristine (P) and Reinforced (R) specimens impacted 

at 5 J 
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Figure 3.14: Representative BVID zones for Pristine (P) and Reinforced (R) specimens impacted 

at 20 J 
CONCLUSION 

This study investigates the feasibility of Kevlar® pulp as an interlaminar reinforcement for 

CFRP composites subjected to LVI at RT and AT for naval applications. The impacted responses 

and BVID were investigated. The conclusions are as follow: 

 Temperature influence: Due to the increase in rigidity and stiffness of the laminates at 

AT, the samples experienced higher bending stiffness and peak forces while exhibiting 

a lower DoD and displacement than their RT counterparts. For this reason, less damage 

was observed for all the samples tested at AT. This was attributed to the polymer chain 

mobility being hindered by the lower temperatures, resulting in a stiffer system [113].  

 Kevlar® pulp interlaminar reinforcement influence: Due to the increase in stiffness and 

damage mitigation of the laminates with Kevlar® pulp interlaminar reinforcement, the 

reinforced laminates exhibited lesser DoD and displacements and higher peak forces 

and bending stiffness than their pristine counterparts at all impact energies and 

temperature conditions. This was attributed to the microfiber presence strengthening 

the matrix through inter-ply fiber bridging mitigating delamination and crack 

propagation [374]. 
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 Damage mechanisms, reinforcement: Specimens reinforced with Kevlar® Pulp 

observed a decrease in matrix cracking size at room temperature and an increase in 

matrix cracking instead of perforation at arctic temperature when compared to pristine 

samples. 

 Damage mechanisms, temperature: Specimens impacted at arctic temperatures 

observed a decrease in overall damage mechanisms. This is attributed to the lower 

temperatures increasing the stiffness of the polymer matrix as polymer mobility is 

hindered. 

Kevlar® pulp has the potential to be used as an interlaminar reinforcement for AT applications. 

AT and Kevlar® pulp enhanced the impact damage tolerance of plain weave woven carbon 

fiber/vinyl-ester laminates during LVI scenarios primarily due to the increase in rigidity and 

stiffness of the matrix. In addition, reinforced laminates did not have a significantly increase in 

their thickness when the interlaminar reinforcement was added. Therefore, the composite 

structures’ in-plane strengths and volume fraction were not affected. This interlaminar 

reinforcement also has the potential that it could be easily incorporated into the large-scale 

production of composites. 
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Chapter 4: Vertically Aligned Carbon Nanotube Interlaminar Reinforcement (Brief 

Overview) 

INTRODUCTION 

Fiber-reinforced resin matrix composites find widespread application in aerospace, 

automotive, marine, medicine, energy, and other industries due to their unique combination of high 

specific strength, specific stiffness, and lightweight characteristics [386]–[393]. Typically, CF-

reinforced composite laminates comprise plies with varied directions, with each ply featuring 

unidirectional continuous fibers, woven fabric, or prepreg, all incorporating CFs as the 

reinforcement material. Widely employed in aerospace [394], [395], land transportation [396], and 

marine industries [397], these laminates have become commonplace in secondary structures for 

aerospace applications. [398]–[403]. However, the mechanical performance of CF-reinforced 

composite laminates has encountered limitations, particularly concerning interlaminar properties.  

Many existing laminates lack reinforcement throughout the overall thickness, rendering 

them susceptible to early-stage delamination, thereby impacting their structural integrity [404]. 

Various damage modes, including fiber failure, fiber/matrix interfacial debonding, matrix 

cracking, fiber pull-out, and delamination, manifest during this process [405]. Fiber-reinforced 

polymer composites exhibit superior in-plane mechanical performance, but their out-of-plane 

properties necessitate further investigation [349], [406], [407]. Traditional methods to mitigate 

delamination, such as stitching [392], weaving [393], and Z-pinning [408] have shown promise in 

bolstering delamination resistance, however, they often introduce challenges like increased weight, 

reduced cost-effectiveness, potentially damaging fibers  compromising in-plane properties [409]–

[411].  

To address this, incorporating nano-constituents within the resin or at interlayers has been 

explored as a means of achieving more continuous through-thickness reinforcement [412]–[415]. 

Additionally, modifying composite interfaces through fiber surface treatments, such as sizing, 

coating nano-materials, chemical grafting, oxidation treatment, and plasma treatment, proves 
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effective. Recently, nano-constituents, including carbon nanotubes, graphene, and nano silica, 

have been considered to enhance mechanical properties [287]–[302]. However, diverse research 

conclusions arise from variations in dispersion, filling fraction, functionalization methods, and 

agglomeration control, posing a significant challenge [411], [432]. 

The emergence of carbon nanotubes (CNTs) introduces exciting prospects for improving 

the interlaminar mechanical performance of carbon fiber-based laminate composites. Extensive 

studies [398], [433] have highlighted the outstanding mechanical, electrical, and thermal properties 

of CNTs, positioning them as potential "super fibers" for the future. Furthermore, the chiral nature 

of CNTs allows for covalent and non-covalent modifications with various chemical groups, 

enhancing biocompatibility and making them suitable for multi-scale composite materials [400], 

[434]. Recent research [402], [403], [435], [436] has confirmed the adaptability of CNTs to 

polymer matrices and their positive impact on material performance. Consequently, scholars [335], 

[401], [437]–[439] have integrated CNTs into composite laminates to enhance interlaminar 

mechanical properties. For instance, Yanan Su [401] reported a 42.9% increase in interlaminar 

shear strength (ILSS) by incorporating CNTs into the interlaminar region, while Thakre [440] 

demonstrated a 6.5% enhancement in mode-I interlaminar fracture toughness with pristine single-

wall CNTs (P-SWCNT). Despite these advantages, challenges arise from the spatial distribution 

of nanotubes, impacting the final properties due to inherent aggregation and anisotropy.  

Several studies have examined the incorporation of vertically aligned carbon nanotubes 

(VACNTs) at the interlayer and their impact on composite mechanical properties [341], [432], 

[441]–[445]. Garcia et al. [441] demonstrated an increase in toughness due to VACNTs 

introduction in interplies. Veedu et al. [442] reported a significant increase in mode I and mode II 

toughness by synthesizing CNTs directly on SiC fuzzy fibers. Falzon et al. [443] observed 

improved interlaminar fracture toughness for nano-engineered composites, attributing it to 

VACNTs-resin adhesion. Dynamic mechanical properties, such as damping ratio and 

enhancement, were reported to increase substantially in nano-reinforced composites [432], [442]. 
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Incorporating randomly oriented CNTs into composite matrices, while avoiding cluster 

formation and agglomeration, has been challenging [445]–[450]. Few studies provide 

comprehensive manufacturing instructions for nano-engineered composites that preserve the 

initially vertically aligned state of VACNTs. Garcia suggested several resin-VACNTs 

incorporation methods, with capillarity proving effective [451]. Capillary rise studies by Beard et 

al. [452] demonstrated partial and heterogeneous resin rise in VACNTs forests [Beard2015]. 

However, coalescence of VACNTs due to surface tension is commonly observed. 

After impregnation, the challenge lies in separating VACNTs from their growth substrate 

before consolidating a hybrid composite laminate. Wardle et al. [453]  described a separation step 

using a metallic roller, limiting the surface by the lateral aspect of the cylinder. Falzon et al. [454] 

proposed impregnating resin into VACNTs forest on the prepreg surface before removal, 

optimizing transfer efficiency by considering parameters like pressure, temperature, and time. 

This paper undertakes a thorough examination of various VACNT introduction methods 

into carbon fiber-reinforced composite laminates. It delves into techniques for controlling crucial 

parameters like dispersion, distribution, and orientation of VACNTs in laminates. The influence 

of VACNT morphology and spatial distribution on interlaminar mechanical performance is 

scrutinized, providing valuable insights for laminate design. The paper also discusses and analyzes 

the influence mechanism of VACNTs on interlaminar properties, shedding light on intentional 

processing and control strategies. Finally, the challenges and opportunities in carbon fiber-

reinforced composite laminates filled with VACNT fillers are outlined, offering a roadmap for 

both practical engineering production and the guidance of future researchers entering the field. 

 
SYNTHESIS AND GROWTH OF VACNTS 

The synthesis and growth of vertically aligned carbon nanotubes (VACNTs) represent a 

critical phase in harnessing their exceptional properties for interlaminar reinforcement in CFRP 

composites. Several methodologies exist for the synthesis of VACNTs, each with distinct 



86 

advantages and challenges. This section will delve into various methods employed for synthesizing 

VACNTs, the key parameters influencing the growth process, and the current landscape of 

challenges and recent advancements in VACNT synthesis. 

 
Arc Discharge 

Arc discharge is a well-established method for the synthesis of vertically aligned carbon 

nanotubes (VACNTs) and involves the application of a high electrical current between two 

graphite electrodes in an inert gas atmosphere. The intense heat generated by the electric arc 

vaporizes the graphite electrodes, creating a plasma of carbon vapor, which drifts toward the 

cathode. Upon reaching the cathode, the carbon cools, resulting in the formation of CNTs [455], 

[456]. Achieving vertical alignment in this method requires a vertical electric field between the 

cathode and anode, inducing growth normal to the substrate [457], [458]. Researchers manipulate 

primarily two parameters arc current and gas environment to tailor the properties of the nanotubes 

[459].  

Higher arc currents result in an increased number of electrons striking the anode, leading 

to more sputtering of carbon precursors. The applied current generates resistive heating, raising 

the temperature. This elevated temperature causes the carbon precursors in the anode to sublimate, 

forming carbon vapors that nucleate at the cathode, ultimately resulting in the formation of 

nanotubes. The optimal current has been a heated debate, as studies have shown various amplitudes 

ranging from 1-20A [460]–[464] to above 700A [465]. While increasing the current increases the 

yield [466], [467], it does not improve the structure [468] and results in a reduced amount of 

SWNT [469]. 

 In the arc chamber used for nanotube growth, pressurized gases such as nitrogen, 

hydrogen, helium, or argon are employed. Hydrogen, known for its high thermal conductivity, is 

considered the most efficient quencher for nanotube growth. Studies by Zhao and Ando 

[zhao1998] indicate that hydrogen promotes CNT growth and reduces carbonaceous materials by 
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forming hydrocarbons. Li et al. [470] observed that hydrogen leads to a cleaner CNT surface by 

selectively etching amorphous carbon impurities. However, challenges arise with pure hydrogen, 

as Zhao [471] suggests it is unfavorable for mass production of single-walled nanotubes (SWNT) 

due to plasma instability. Tang et al. [472] noted that rapid hydrogen introduction prevents 

nanotube ends from closing. To address this, hydrogen is often mixed with a noble gas like argon 

or helium to stabilize the plasma. Liu et al. [473] found that switching from hydrogen to helium 

promotes SWNT growth. Shi et al. [474] observed that a helium atmosphere strongly influences 

SWNT yield. Control over nanotube diameter is achieved by altering the composition of argon–

helium gas ratios, as demonstrated by Farhat et al. [475].  

By carefully adjusting these parameters, researchers can tailor the arc discharge process to 

produce CNTs with desired characteristics, such as high purity, specific chirality, and controlled 

diameter. However, while arc discharge is effective, challenges such as impurity incorporation and 

limited control over nanotube alignment persist. Nevertheless, ongoing advancements in process 

optimization and catalyst engineering continue to enhance the reproducibility and scalability of 

arc discharge for synthesizing vertically aligned carbon nanotubes. 

 
Laser Ablation 

Laser ablation is a method employed for the synthesis of vertically aligned carbon 

nanotubes (VACNTs). In this technique, a high-power laser is directed onto a target material 

containing a carbon source, usually a metal catalyst, within a controlled gas environment [476]. 

The intense laser energy vaporizes the target material, and carbon species subsequently condense 

and form nanotubes on a substrate [477]. Laser ablation offers precise control overgrowth 

conditions, allowing for the production of VACNTs with well-defined structures. Parameters such 

as laser power and wavelength are systematically optimized to enhance the uniformity and quality 

of the resulting nanotubes [478]. Growth and diameter distribution of CNT tubes can be tailored 

by altering the laser power, where an increase in power results in an increase in growth and 
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diameter [479] of the nanotubes. Tailoring the laser wavelength with respect to fluence (energy 

delivered per unit area) exists as another form to customize the diameter of CNT. Longer 

wavelengths have been reported to have a wider range of acceptable fluence coupling to develop 

satisfactory CNTs and produced more abundance in wider diameter nanotubes [480]. 

 
Chemical Vapor Deposition 

In contrast, Chemical Vapor Deposition (CVD), despite producing lower crystallinity than 

arc discharge, is more popular for growing VACNTs due to its advantages in cost, yield, purity, 

structural control, and architecture [456], [481], [482]. Three key components are involved in 

CVD-based VACNT synthesis: a hydrocarbon, a catalyst, and a catalyst support. In this process, 

hydrocarbon vapor passes through a high-temperature (600–1200 °C) tubular reactor containing 

molten catalyst material. At this elevated temperature, the hydrocarbon thermally decomposes, and 

VACNTs grow on the catalyst. The growth mechanism has been extensively studied, with models 

like the "tip-growth model" [483] proposing volume diffusion-based growth, where the 

hydrocarbon decomposes, establishing a temperature gradient across the catalyst nanoparticle, and 

carbon diffuses down, initiating VACNT growth from the base. Alternatively, the "base-growth 

model" [481] occurs when strong catalyst–substrate interaction prevents VACNT precipitation 

from pushing the metal particle up, resulting in growth from the base. Advancements in in situ 

technologies led to the exploration of a surface diffusion growth mechanism. In this model, catalyst 

nanoparticles form at elevated temperatures, and carbon binds to step edges, initiating VACNT 

growth on the surface [484]. Recently, studies [485] suggest VACNT nucleation is initiated by 

carbon cap formation, where a graphene embryo forms between opposite step-edges of the catalyst 

nanoparticle, eventually leading to curved carbon cap formation and VACNT wall generation.  
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Plasma Enhanced Chemical Vapor Deposition 

Various CVD methods have been developed to tune VACNT physical characteristics, 

including diameter, number of concentric tubes, and length. Plasma-enhanced CVD (PECVD) is 

considered the most reliable and controlled method among these [456]. PECVD is similar to 

traditional CVD but employs high-energy plasma to decompose the carbon precursor, offering 

higher selectivity and tunability by controlling the amount of ionized carbon species supplied to 

the catalyst. PECVD also provides high alignment controllability by managing the electric field 

[486], [487], and its use has demonstrated tunable chirality and growth rate of CNTs, emphasizing 

its controllability [488], [489]. This controllability is developed using a capacitively coupled radio 

frequency (cc rf) source, in which one of the electrodes is coupled to a rf power supply [490]. This 

results in a self-bias phenomenon, where positive ions are continuously accelerated to the electrode 

area [491]. Using this interaction allows researchers to not only align nanotubes [492]–[495], but 

they can also be grown free standing [496]–[498], as well as on surfaces that are curved and tilted 

[494]. Growth size and diameter of CNTs can also be tailored using PECVD. By exposing catalyst 

nanoparticles to plasma through a pretreatment, the plasma prevents agglomeration of the 

nanoparticles during CNT growth [499]. This in turn results in smaller diameter CNTs as this 

prevents the formation of larger particles.  

 
Parameters Affecting the Growth Process 

With the vast applications for VACNTs, the desired sizes change drastically, VACNT 

lengths observed from literature ranged from 5 μm to 2.6 mm [500]–[506]. Additionally, the 

diameter of VACNTs can also vary depending on the job application, previous studies have had 

diameters ranging from 7-nm to 43 nm [500]–[506].  

Achieving precise control over the growth of VACNTs demands a nuanced understanding 

of the myriad parameters influencing the synthesis process. Catalyst properties, including size, 

composition, and distribution, play a pivotal role in determining nanotube characteristics. 
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Substrate morphology and temperature during growth are equally critical, impacting the alignment, 

density, and diameter of the resulting nanotubes [507]. The morphology of the substrate and the 

temperature conditions during the growth process play pivotal roles in determining the 

characteristics of the resulting nanotubes, encompassing factors such as alignment, density, and 

diameter [500].  

The substrate, serving as the foundation for nanotube growth, provides a template that 

influences the orientation and arrangement of the nanotubes. Substrate properties, including 

surface roughness, crystal structure, and catalyst interaction, directly impact the nucleation and 

growth of carbon nanotubes [508]. For instance, a well-structured and catalytically active substrate 

can promote the uniform growth and alignment of nanotubes [508], contributing to enhanced 

structural integrity and desired properties. 

Simultaneously, growth temperature is a critical parameter influencing the kinetics and 

energetics of the nanotube formation process. The choice of growth temperature significantly 

affects the diameter distribution, crystallinity, and overall quality of the nanotubes [509]. Higher 

growth temperatures can lead to increased carbon diffusion rates, promoting faster growth but 

potentially resulting in larger diameter nanotubes [510]. Conversely, lower temperatures may favor 

the formation of smaller diameter nanotubes but may require longer growth durations [511]. 

The interplay between catalyst and growth temperature further underscores the intricacies 

of nanotube synthesis. The catalyst acts as a facilitator in the growth process, influencing 

nucleation and guiding the direction of nanotube growth. Optimal catalyst–substrate interactions 

and growth temperature conditions are essential for achieving desired nanotube properties, such 

as chirality and structural uniformity. 

In summary, substrate morphology and growth temperature are interrelated and critical 

parameters in carbon nanotube synthesis. Their combined influence determines the structural 

characteristics of the nanotubes, and a nuanced understanding of catalyst and growth temperature 

effects is imperative for tailoring nanotube properties to meet specific application requirements. 

Ongoing research continues to explore the synergies between substrate morphology, growth 
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temperature, and catalyst effects to advance the precision and efficiency of carbon nanotube 

synthesis processes. As such, the effects of catalyst and growth temperature effects are discussed. 

 
Effect of Catalyst 

In the synthesis process of VACNTs, catalyst selection stands out as a critical factor 

determining the successful preparation of these nanotubes. The catalyst assumes a pivotal role in 

shaping the morphology and structure of the resulting cracking products, serving as both the active 

center for carbon source decomposition and the focal point for carbon deposition [512]. Notably, 

transition metals, including Fe, Co, Ni, emerge as highly suitable catalysts for this purpose [513]. 

The distinctive high carbon solubility exhibited by these transition metals facilitates the formation 

of specific carbon structures, with carbon atoms benefiting from an elevated diffusion rate within 

this category of metals. It is this heightened diffusion rate that enables the nucleation and growth 

of VACNTs. Additionally, the strategic use of two-component or multicomponent metal catalysts 

presents an effective approach, capitalizing on the collective advantages of individual elements to 

attain optimal outcomes.  

 
Effect of Growth Temperature 

 In the process of synthesizing VACNTs through CVD, the temperature plays a pivotal role 

in influencing both the carbon source cracking within the reaction chamber and the structure of the 

catalyst nanoparticles. Specifically, the structure and morphology of the resulting VACNTs exhibit 

a direct correlation with the growth temperature. The connection between temperature and growth 

rate [514] underscores the significance of temperature in determining the length of VACNTs. 

Lower growth temperatures contribute to incomplete carbon source decomposition and reduced 

catalyst activity, proving unfavorable for VACNT growth. As the temperature rises, the catalyst 

cracking and carbon atom activity intensifies, resulting in an augmented growth rate of VACNTs. 

However, an excessive increase in temperature eventually leads to elevated catalyst cleavage, 
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causing catalyst particle poisoning [515]. This critical juncture results in a loss of catalyst activity, 

consequently influencing the growth rate of VACNTs. 

 
INTEGRATION METHODS FOR FRPC MANUFACTURING 

The integration of vertically aligned carbon nanotubes (VACNTs) into fiber-reinforced 

polymer composites (FRPCs) involves strategic implementation methods during the 

manufacturing process to harness the enhanced properties offered by these nanotubes. Several 

distinct methods exist, each with their own benefits and drawbacks. 

 
Prepreg impregnation and lay-up techniques 

Prepreg impregnation and layup techniques represent a fundamental stage in integrating 

vertically aligned carbon nanotubes (VACNTs) into fiber-reinforced polymer composites 

(FRPCs). During prepreg manufacturing, VACNTs are dispersed within the resin matrix before 

impregnation onto the reinforcing fibers [516]. This process ensures a homogenous distribution of 

nanotubes, promoting consistent interlaminar reinforcement throughout the composite structure. 

The prepreg sheets, consisting of resin-infused fibers with embedded VACNTs, are then layered 

during the layup process to construct the desired composite structure. Precision in layup is crucial 

for controlling the alignment and distribution of VACNTs between individual laminae, directly 

influencing the enhancement of interlaminar properties. Effective impregnation and layup 

techniques are vital for achieving optimal mechanical and interlaminar performance in the 

resulting FRPCs [517]. Challenges with VACNT orientation during impregnation exist due to 

complexities with the aggregation of nanoparticles, viscosity control of dispersion, dispersion 

flowability through the reinforced materials, and filtration effects during the infusion into the fibers 

[518], . 
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VACNTS as Interleaves between Composite Laminae 

In this approach, VACNT layers are strategically inserted between individual layers of 

reinforcing fibers during the layup process. The unique morphology and alignment of VACNTs 

offer the potential for targeted reinforcement in the interlaminar regions, addressing inherent 

weaknesses associated with delamination in FRPCs. The intimate contact between the VACNT 

interleave and adjacent laminae enhances load transfer mechanisms, thereby improving 

interlaminar strength and toughness [343]. Achieving proper alignment and uniform dispersion of 

VACNT interleaves is critical for ensuring consistent and dependable interlaminar reinforcement 

throughout the composite structure [519]. This method displays promise in overcoming 

interlaminar challenges in FRPCs, presenting an avenue for tailoring the interlaminar properties 

by strategically placing VACNTs between composite laminae during the manufacturing process. 

 
Transfer Printing 

An emerging method for integrating vertically aligned carbon nanotubes (VACNTs) into 

fiber-reinforced polymer composites (FRPCs) is transfer printing. This technique involves the 

controlled transfer of VACNTs from a growth substrate onto the surface of the composite during 

its fabrication. In this process, the aligned nanotubes are grown on a sacrificial substrate and 

subsequently transferred onto the resin-infused fibers or composite structure [520]. Transfer 

printing offers a precise and scalable approach, allowing for the strategic placement of VACNTs 

within the FRPC architecture [521]. This method displays potential advantages in achieving 

targeted interlaminar reinforcement by controlling the nanotube alignment and distribution [522].  

 
CHARACTERIZATION TECHNIQUES FOR VACNTS IN CFRP COMPOSITES 

Assessing the alignment, distribution, and interactions of vertically aligned carbon 

nanotubes (VACNTs) within carbon fiber reinforced polymer (CFRP) composites demands a 
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diverse array of characterization techniques. This section will delve into analytical methods 

employed for evaluating VACNT structures, morphology, and properties. 

 
Structural Analysis 

Raman Spectroscopy 

Raman spectroscopy serves as a powerful analytical tool for characterizing vertically 

aligned carbon nanotubes (VACNTs) due to its ability to provide detailed information about the 

structural and vibrational properties of these nanomaterials [523]. In Raman spectroscopy, laser 

light is incident on the sample, and the scattered light is analyzed to reveal vibrational modes 

unique to the carbon-based structures of nanotubes. The distinctive G-band (graphitic) and D-band 

(disorder-induced) peaks in the Raman spectrum offer insights into the graphitic nature, defects, 

and alignment of VACNTs [524]. Additionally, the radial breathing mode (RBM) provides 

information about the nanotube diameter distribution [525]. 

Raman spectroscopy is invaluable in assessing the quality and uniformity of VACNTs, 

aiding researchers in optimizing synthesis techniques. Through this technique, researchers can 

monitor structural changes, assess the degree of functionalization, and ensure the desired 

characteristics for specific applications. Moreover, Raman spectroscopy plays a crucial role in 

quality control during the production of VACNTs, providing a non-destructive and rapid method 

for characterizing these vertically aligned structures.  

 
Transmission Electron Microscope 

Transmission Electron Microscopy (TEM) functions as a technique for elucidating the 

intricate structural details of vertically aligned carbon nanotubes (VACNTs) at the nanoscale. With 

its high spatial resolution, TEM enables researchers to investigate the morphology, alignment, and 

crystallinity of individual nanotubes. In TEM analysis, a beam of electrons passes through the 

sample, forming high-resolution images that provide valuable insights into the nanotube 
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dimensions, wall structure, and the presence of defects [526]. The technique also facilitates the 

study of VACNT interactions with catalyst particles, providing insights into the growth 

mechanisms [527]. By combining TEM with other characterization methods, such as selected area 

electron diffraction (SAED), researchers gain a comprehensive understanding of the crystalline 

structure and orientation of VACNTs [528]. 

 
X-Ray Diffraction 

X-ray Diffraction (XRD) serves as a fundamental technique for characterizing the 

crystalline structure of vertically aligned carbon nanotubes (VACNTs). By exposing the nanotube 

sample to X-rays, the resulting diffracted patterns provide valuable information about the nanotube 

orientation, crystallographic phases, and interlayer spacing [529]. In XRD analysis, the diffraction 

peaks correspond to the arrangement of carbon atoms in the nanotube lattice. The identification 

and intensity of these peaks aid in determining the crystallinity and alignment of VACNTs [530]. 

The radial diffraction pattern often reveals information about the nanotube diameter distribution, 

offering insights into the uniformity of the synthesized nanotubes. Additionally, XRD 

complements other characterization techniques, providing a holistic understanding of the nanotube 

structure when combined with methods such as Raman spectroscopy and electron microscopy 

[531]. 

 
Morphological and Surface Analysis 

Scanning Electron Microscope 

Scanning Electron Microscopy (SEM) is a pivotal tool for investigating the surface 

morphology and structural characteristics of vertically aligned carbon nanotubes (VACNTs) at a 

micro to nanoscale resolution. In SEM analysis, a focused beam of electrons scans the sample's 

surface, generating high-resolution, three-dimensional images that offer valuable insights into the 

topography of VACNTs. SEM allows researchers to visualize the overall morphology of VACNT 
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arrays, providing information on the length, density, and alignment of individual nanotubes [532]. 

Furthermore, SEM is valuable for investigating the impact of growth parameters on the 

macroscopic structure of VACNTs [533]. 

 
Atomic Force Microscopy 

Atomic Force Microscopy (AFM) is a highly valuable technique for characterizing the 

topography, surface roughness, and mechanical properties of vertically aligned carbon nanotubes 

(VACNTs) with exceptional spatial resolution. In AFM analysis, a sharp tip mounted on a 

cantilever scans the surface of the sample in a non-destructive manner, providing detailed insights 

into the nanoscale features of the nanotube arrays [534]. AFM allows researchers to visualize the 

height profiles of individual VACNTs, offering information on their length and diameter 

distribution [535]. Additionally, the technique provides valuable data on the surface roughness of 

VACNT films or arrays, aiding in the assessment of the overall quality and uniformity [532]. The 

ability of AFM to generate 3D images further enhances the understanding of the nanotube 

morphology [532]. One of the notable strengths of AFM lies in its capacity to measure the 

mechanical properties of VACNTs at the nanoscale. By applying force with the AFM tip, 

researchers can obtain information about the nanotube's elasticity, stiffness, and adhesion 

properties [536]. This mechanical characterization is crucial for applications where the mechanical 

behavior of VACNTs plays a pivotal role, such as in composite materials or 

nanoelectromechanical systems. 

 

 
INTERLAMINAR REINFORCEMENT MECHANISMS OF VACNTS 

The strategic integration of vertically aligned carbon nanotubes (VACNTs) within carbon 

fiber reinforced polymer (CFRP) composites introduces sophisticated interlaminar reinforcement 

mechanisms. This section will delve into the intricate interactions between VACNTs and the CFRP 
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matrix, highlighting their role in enhancing interlaminar shear strength (ILSS), contributing to 

fracture toughness, impact resistance, and influencing other key properties. 

 
Interaction between VACNTs and CFRP Matrix 

The successful integration of VACNTs into CFRP composites hinges on establishing 

strong and effective interactions between the nanotubes and the polymer matrix. The controlled 

vertical alignment of VACNTs facilitates direct load transfer pathways across the interlaminar 

regions. Additionally, the surface chemistry and functionalization of VACNTs play a pivotal role 

in promoting adhesion and compatibility with the surrounding polymer matrix [537]. These 

interactions create a seamless interface between the reinforcing nanotubes and the CFRP matrix, 

ensuring optimal stress transfer across layers and mitigating the risks of delamination. The tailored 

interfacial characteristics foster a synergistic relationship, enhancing the overall mechanical 

performance of the composite. 

 

 
Enhancement of Interlaminar Shear Strength (ILSS) 

A primary objective of incorporating VACNTs into CFRP composites is the augmentation 

of interlaminar shear strength (ILSS). The vertically aligned orientation of nanotubes creates an 

effective bridging mechanism between adjacent layers, significantly reducing the propensity for 

delamination. The intrinsic mechanical properties of VACNTs, such as high tensile strength and 

stiffness, synergize with the CFRP matrix to bolster ILSS. As a result, the composite exhibits 

enhanced resistance to interlaminar shear forces, crucial for applications where mechanical 

reliability and structural integrity are paramount.  

Lee et al. [538] studied the effects of reinforcing HexPly IM7/8552 unidirectional plies 

reinforced with buckling patterned VACNTs. The hierarchical nano- and micro-engineered 

interlaminar reinforcement integration involved (1) inducing buckling in VACNT arrays to harness 
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energy dissipation of the wavy nanofibers, particularly during processes like pulling out, and (2) 

patterning VACNT arrays to enable a higher volume fraction of CNTs. The test methods involved 

short beam shear tests, which are essential for evaluating interlaminar shear strength and fatigue 

life. The impact of the hierarchical interlaminar reinforcements was substantial, altering the 

damage modes from monotonic and straight cracks to a more diffusive postmortem set of cracks. 

The integration of buckled and patterned VACNTs resulted in a significant enhancement, showing 

approximately a 7% increase in static interlaminar shear strength and an impressive 224% increase 

in fatigue life under short beam shear tests, compared to the non-reinforced specimens. 

Conway et al. [340] investigated enhancing the mechanical properties of unidirectional pre-

impregnated carbon fiber composite IM7/8552, which is susceptible to delamination under various 

loading conditions. Vertically aligned carbon nanotube (VACNT) forests were incorporated into 

the composite by transferring VACNTs to the surface of each prepreg ply before layup. VACNTs 

used were produced using a metallic substrate and a continuous chemical vapor deposition (CVD) 

process. Testing included short beam strength (SBS and short beam fatigue. VACNT 

reinforcement of the interlaminar region exhibited increased composite strength. The short beam 

static strength testing showed a dependence on layup, with a 2.0% increase in strength for the 

unidirectional (UD) layup. Fatigue testing indicated a substantial increase (2X to 30X) in short 

beam cycles to failure at tested stress levels, suggesting that the presence of VACNTs at interfaces 

positively impacts fatigue life, particularly in an interface-dominated scenario.  

Garcia et al. [441] presented a hybrid composite architecture incorporating carbon 

nanotubes (CNTs), advanced fibers, and a matrix, displaying a comprehensive process from CNT 

synthesis and characterization to standard mechanical and electrical laminate tests. The approach 

involves the direct growth of aligned CNTs on the surface of advanced fibers in a woven fabric, 

resulting in a significant enhancement in multifunctional laminate performance. The study 

demonstrates a 69% increase in interlaminar shear strength compared to the unreinforced laminate. 

This enhancement surpasses existing interface reinforcement techniques, such as stitching which 
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typically shows a maximum increase of approximately 30% [539] and unaligned CNTs which 

showed no improvement [540] 

Song et al. [541] focused on the development of multiscale laminated composite materials 

by incorporating carbon nanotube (CNT) materials into microfiber laminated composites. In this 

study, multiwalled carbon nanotube (MWCNT) arrays are strategically integrated between carbon 

fabric plies of laminated composites, serving as a bridge to interlock adjacent carbon fabric plies. 

Aligned CNT arrays play a crucial role in interlocking adjacent carbon fabric prepreg plies, 

facilitating increased load transfer between the CNT array, matrix, and carbon fiber interphase. 

The interlocking effect created a crack bridging mechanism, delaying crack propagation, 

contributing to improvements in both in-plane and interlaminar shear properties of the CNT array-

reinforced laminated multiscale composite. 
Contribution to Material Properties 

VACNTs play a pivotal role in enhancing the fracture toughness and impact resistance of 

CFRP composites. The controlled alignment of nanotubes within the matrix acts as a barrier 

against crack propagation, absorbing and dissipating energy during impact events. This energy 

dissipation mechanism minimizes the risk of catastrophic failures and improves the composite's 

ability to withstand dynamic loading conditions. This dynamic contribution to fracture toughness 

and impact resistance positions VACNT-reinforced CFRP composites as robust materials for 

applications in aerospace, automotive, and sporting equipment. 

 
Mode I Fracture Toughness 

Worboy’s [343] investigation on mode I fracture toughness in Vertically Aligned Carbon 

Nanotubes (VACNTs) reinforcement at the interlaminar region resulted in a predominantly 

intralaminar delamination fracture mode. In their study, they reported an increase in toughness 

between 10-20% coincided with the increased toughness within the intralaminar region compared 

to the interlaminar region observed in other studies [542], [543]. This intralaminar fracture 
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behavior aligned with data reported by Ni and Wardle [336], demonstrating that VACNTs cause 

the crack to bifurcate into the intralaminar region. While previous work on AS4/8552 indicated a 

reduction in Mode I fracture toughness with VACNTs [336], this study suggests an increase 

equivalent to the difference between interlaminar and intralaminar fracture toughness of the host 

laminate. Reinforcing the interlaminar region with VACNTs appears to elevate the localized 

interlaminar fracture toughness beyond that of intralaminar toughness, causing the crack to 

bifurcate into the now weaker intralaminar region. During failure analysis despite the majority of 

the fractured VACNT specimens showing intralaminar delamination, some nanotube rupture was 

observed. This additional fracture mechanism occurred during the crack transition between 

adjacent plies, contributing to a local increase in the fracture toughness of the Carbon Fiber 

Reinforced Polymer (CFRP) laminate. However, due to its infrequent occurrence in the tested 

specimens, nanotube rupture will lead to greater variability between sample results. No evidence 

of other interlaminar fracture mechanisms, such as nanotube pull-out, was observed in any of the 

specimens. 

Le et al. [544] explored the incorporation of vertically aligned carbon nanotube forests 

(VACNTs) at composite interfaces to enhance interface toughness. In their study they conducted 

mode I (Double Cantilever Beam –DCB) fracture tests on 40 ply composite samples with VACNT 

reinforcement placed on the mid-ply interface. After testing, microscopic analysis was performed 

on both reference and VACNT reinforced composites to understand fracture behavior and 

toughness. VACNT reinforced DCB samples exhibited intralaminar crack paths located within the 

unidirectional carbon fiber plies as opposed to the interlaminar crack paths observed in non-

reinforced samples. Due to the crack propagating intralaminarly into the non-reinforced plies, no 

changes were observed between reinforced and non-reinforced samples. 

Garcia et al. [441] manufactured mode I test specimens by reinforcing unidirectional 

carbon tape composites with VACNT reinforcement applied to each interface using transfer-

printing. After testing, specimens were examined under SEM to identify failure mechanisms. 

Fractographic analysis revealed z-direction oriented CNTs on both crack faces, suggesting 
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large-scale bridging of the crack by the (aligned) CNTs. Both CNT bridging and interlayer 

toughening were reported as possible reinforcing mechanisms, with direct evidence 

supporting CNT bridging. Due to these mechanisms aiding in crack mitigation, VACNT 

reinforced specimens observed an increase in fracture toughness 1.5x – 2.5x that of non-

reinforced specimens.  

While there have been conflicting responses reported in literature on vertically 

aligned carbon nanotube reinforcement’s influence on mode I fracture toughness, this can 

be attributed to the location of inter-ply reinforcement. In tests which reported little to 

no enhancement, the VACNTs were located only on the mid-ply interface and observed 

intralaminar failure. Whereas, in the reports showing enhanced toughness, large-scale 

inter-ply bridging was observed by the VACNTs. This helps highlight the strengthening 

brought about the VACNTs, where failure will jump to a non-reinforced interface as a path 

of least resistance. 

 
Mode II Fracture Toughness 

Worboy’s [343] continued investigation on mode II fracture toughness from their mode I 

setup (single interleaved VACNT layer at the mid-plane interface), illustrated the effects 

reinforcement had on fracture toughness and failure methods. Fractographic analysis performed 

using SEM after testing highlighted intralaminar crack propagation within the reinforced and non-

reinforced specimens. In the VACNT interleaved specimens, nanotube pull-out was observed, 

however, the phenomenon was reported infrequently. Failure was primarily characterized by fiber 

pull-out, displaying numerous bare fibers and well-defined resin channels, surrounded by cusps. 

The clean appearance of the fiber surface and the presence of channels left by debonded fibers 

indicated that the crack propagated across the fiber-matrix interface [545]. It was also observed 

that in the reinforced specimens, the intralaminar crack propagation followed the topography of 

the nanotubes and the resin pockets formed around their non-uniform dispersion, highlighting an 
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increase in local stiffness of the interlaminar region caused by the nanotubes. Despite similar 

failure mechanisms as non-reinforced samples, VACNT specimens observed an increase in mode 

II fracture toughness by 8-10%. 

In combination with the mode I test highlighted previously, Le et al. [544] performed mode 

II tests with the same material system. During the mode II toughness test, the shearing stress 

between the through-thickness lead to the deformation of the resin between the 20th and 21st ply, 

resulting in the formation of cusps. Resin cusps are observed in both reinforced and non-reinforced 

samples, attributed to high local strain levels of the resin. The non-reinforced mode II sample 

showed a higher cusp area density compared to the reinforced mode II sample, with larger cusps 

on average. These differences are associated with variations in the size of the resin volumes in the 

two composite types after consolidation. In reinforced composites, the presence of VACNTs 

reduces the volumes of deformable resin at the fracture interface. Consequently, the size and 

density of cusps decrease at the observed interface. Experimental data also illustrated a decrease 

in mode II fracture toughness within the reinforced specimens as well as unstable crack initiation 

and growth. 

In the mode II tests performed by Garcia et al. [441], they did not report visual inspection 

or fractographic analysis of the mode II specimens. Due to the presence of reinforcement in all 

interfaces however, the increase to fracture toughness within VACNT specimens was 3x that of 

non-reinforced specimens. This was reportedly greater than other reinforcement studies using 

stitching [539], [546] and z-fiber reinforcement [539], [547]. Additionally, they stated the potential 

to greatly increase the mode II fracture toughness by increasing the volume fraction density of 

VACNT forests. 

Similar to mode I fracture energy toughness, it is apparent from past studies that 

specifically reinforcing the mid-plane interface with VACNT forests minimal improvements are 

observed. This is attributed to the crack propagation bifurcating upon reaching the reinforced 

interface and jumping layers. By ensuring full reinforcement of the VACNT forests throughout 



103 

the laminate however, an increase in fracture toughness can reach at least 3x that of non-reinforced 

laminates and potentially even more. 

 
Impact 

Conway et al. [Conway2017] studied the reinforcement effects vertically aligned carbon 

nanotubes (VACNTs) had on three prepreg systems: Newport 34-700/NCT301, Tencate 

IM7/TC350-1, and Hexcel IM7/8552. Specimens were manufactured with VACNT reinforcement 

being applied to each ply interface during layup. Impact tests were performed according to ASTM 

D7136 using an impact energy range of 27-29 J to strike each laminate once. After impact tests, 

specimens were removed to perform C-Scan imagery to highlight damage mechanisms. Post 

inspection, specimens were then used according to ASTM D7317 for compression after impact 

(CAI) testing. It was reported that VACNT-reinforced samples exhibited a reduction of size and 

severity in impact damage and residual strengths 11–16% higher on average than the control group, 

without significantly increasing the weight or thickness of the composite.  

While specific studies relating VACNT interlaminar reinforcement to impact damage 

mitigation are limited, inferences can be made from previous studies in conjunction with unaligned 

carbon nanotube’s reinforcement effects. Unaligned carbon nanotube interlaminate reinforcement 

has been seen to improve interlaminar shear strength, damping, and impact toughness due to the 

remarkable CNT reinforcement and rich interfaces of the CNT composites [442], [548]–[551]. The 

increase in performance observed from vertically aligning carbon nanotubes regarding fracture 

toughness, in conjunction with the increase in impact performance of unaligned CNTs, future 

investigation is warranted.  

 
Effect on Other Properties 

Beyond ILSS, fracture toughness, fracture toughness, and impact resistance, the 

incorporation of VACNTs influences various other mechanical properties of CFRP composites. 
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The nanotubes' exceptional mechanical characteristics contribute to improvements in tensile 

properties [343], [552]–[557], flexural properties [47], [343], [541], [552], [555], [558]–[560], 

hardness [553]. The synergistic effects of VACNTs on these properties result in a composite 

material with an enhanced overall mechanical profile. 

Additionally, the enhanced thermal and electrical conductivity [561]–[571] of VACNTs 

introduce multifunctionality to CFRP composites. The controlled integration of VACNTs allows 

for tailoring the thermal and electrical properties of the composite, expanding its utility in 

applications where heat dissipation or electrical conductivity is critical. 

 
ADVANTAGES OF VERTICALLY ALIGNED CARBON NANOTUBES (VACNTS) 

Vertically aligned carbon nanotubes (VACNTs) share inherent properties with randomly 

oriented CNTs, yet their perpendicular orientation imparts mechanical and electrical benefits. 

 
Mechanical Advantages 

The distinctive vertical aspect ratio of VACNTs opens various unique applications [572], 

[573]. While maintaining high tensile strength, VACNTs exhibit deflection under pressure, with a 

Poisson’s ratio of 0.19 and Young’s modulus ranging from 1 to 10 MPa [574]–[578]. Additionally, 

their normal orientation facilitates easy access to VACNT tips. The uniform spatial arrangement 

and absence of overlapping, as discussed earlier, contribute to the creation of densely packed 

structures [579], [580]. The vertical alignment of these nanotubes facilitates load transfer between 

layers in composite materials, contributing to enhanced interlaminar shear strength (ILSS) and 

overall mechanical reinforcement. This mechanical robustness positions VACNTs as ideal 

candidates for fortifying the interlaminar regions of CFRP composites, mitigating the risks 

associated with delamination and enhancing the composite's load-bearing capabilities. 
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Electrical Conductivity 

The superior electron transfer rate of VACNT tips, demonstrated in various studies [581]–

[585], is attributed to their unique chemical structure. Fayazfar et al. [581] conducted a direct 

comparison of the electrocatalytic activity between randomly oriented CNT and VACNT through 

cyclic voltammetry, finding greater activity in VACNT. This, coupled with their increased surface 

area and uniformity, positions VACNTs as excellent electrodes. Additionally, VACNTs have been 

shown to generate electric fields with low potentials, a feature that can be harnessed for inducing 

polarization [586]. Consequently, VACNTs, with their enhanced electrochemical properties, find 

widespread use in various electrochemical sensor applications when compared to randomly 

oriented CNTs, offering opportunities for multifunctional applications. 

In scenarios where electrical conductivity is a critical requirement, such as in certain 

aerospace applications or structural health monitoring systems, the incorporation of VACNTs 

provides a dual benefit of mechanical reinforcement and improved electrical performance. 

 
Thermal Properties 

The introduction of Carbon Nanotubes (CNTs) into polymer matrices can significantly 

enhance the thermal properties of the resulting composites. This improvement is attributed to the 

constraint effect exerted by CNTs on polymer segments and chains. For instance, when 1 wt.% 

CNTs are added to epoxy with a surfactant, the glass transition temperature increases from 63 to 

88 °C, displaying the positive impact on thermal endurance [587]. Similarly, the incorporation of 

1 wt.% well-dispersed Single-Walled CNTs (SWCNTs) raises the glass transition temperature of 

PMMA by approximately 40 °C [588]. CNTs, acting as nucleation sites, promote polymer 

crystallization, leading to an increase in the melting temperature [589]. Studies by Kashiwagi et 

al. [590] indicate a roughly 12 °C increase in the thermal decomposition temperature of 

polypropylene (PP) with 2 vol.% Multi-Walled CNTs (MWCNTs), effectively rendering the 

composite as fire-retardant as PP/PP-g-MA/clay. 
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Additionally, the inclusion of CNTs enhances the thermal transport properties of polymer 

composites due to the remarkable thermal conductivity of CNTs. This opens avenues for 

applications such as printed circuit boards, connectors, thermal interface materials, heat sinks, lids, 

housings, and high-performance thermal management across various structures. Biercuk et al. 

[591] observed a 70% increase in thermal conductivity at 40 K and a 125% increase at room 

temperature with 1 wt.% un-purified SWCNTs in epoxy. Choi et al. [592] reported a thermal 

conductivity increase of up to 300% in epoxy with 3 wt.% SWCNTs. Notably, the alignment of 

Multi-Walled CNTs (MWCNTs) under a 25T magnetic field has been found to further enhance 

thermal conductivity by 10% compared to epoxy/MWCNT nanocomposites without an applied 

magnetic field [592]. 

 
CHALLENGES AND OPPORTUNITIES 

This brief review highlighted the field of incorporating vertically aligned carbon nanotubes 

(VACNTs) into carbon fiber reinforced polymer (CFRP) composites and their challenges. This 

section addresses the remaining challenges and potential venues of research to overcome them. 

 
Dispersion and Stability 

Achieving and maintaining a uniform dispersion of VACNTs within the polymer matrix 

remains a primary challenge. Agglomeration tendencies and long-term stability issues pose hurdles 

in ensuring consistent performance over the lifespan of the composite material. Future studies can 

aim to overcome this problem through methods such as transfer printing. By focusing on 

optimizing VACNT synthesis parameters on a consistent substrate, the influence of fiber systems 

is avoided. After valid methods have been observed to create uniform VACNT substrates, the 

VACNT forests can then be transferred to the composite system using the lay-up or interleaving 

method.  
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Scalability 

While VACNT-reinforced CFRP composites exhibit remarkable properties, achieving 

scalability in production processes remains a challenge. Developing cost-effective manufacturing 

methods that can be readily implemented on an industrial scale is essential for widespread 

adoption. Investigations performed on dip immersion and transfer printing are already being 

conducted. Both methods allow for larger scale composites to be developed as they do not require 

specific small-scale synthesis onto the fibers. 

 
Interfacial Engineering 

Optimizing the interfacial interaction between VACNTs and the CFRP matrix is crucial 

for maximizing the material's potential. Challenges persist in achieving strong adhesion and load 

transfer across the interlaminar regions. Interfacial engineering strategies, including tailored 

surface functionalization and advanced bonding techniques, are areas of ongoing research to 

address these challenges.  

 
Conflicting Reports Regarding VACNT Interlaminar Reinforcement 

As highlighted previously in the review, the influence VACNT reinforcement has on 

mechanical properties observed conflicting conclusions. This is a result from not only a lack of 

studies performed, but differences regarding reinforced interfaces. Specifically, during fracture 

toughness tests, intralaminar damage was the dominant failure mode resulting from the cracks 

propagating to the non-reinforced region. As a result, the recorded fracture toughness saw minimal 

improvement by the VACNT reinforcement. However, in tests performed with reinforcement 

throughout the entire composite, fracture toughness tripled for mode II tests. To combat these 

conflicting reports, future studies should contemplate reinforcing the entire laminate depending on 

their test case to ensure VACNT reinforcement is influencing the test properly. 
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CONCLUSION 

In summary, the integration of vertically aligned carbon nanotubes (VACNTs) into carbon 

fiber reinforced polymer (CFRP) composites represents a transformative approach to enhancing 

interlaminar reinforcement. Through a comprehensive exploration of synthesis, integration 

methods, characterization techniques, interlaminar reinforcement mechanisms, advantages of 

vertically aligned carbon nanotubes, and challenges, several key findings have emerged. 

Key Findings: 

 Interlaminar Reinforcement Mechanisms: VACNTs strategically improve interlaminar 

shear strength (ILSS), fracture toughness, impact resistance, and other mechanical 

properties, mitigating delamination risks in composite structures. 

 Thermal and Electrical Conductivity: The one-dimensional structure of VACNTs imparts 

excellent thermal and electrical conductivity to CFRP composites, opening new 

possibilities for multifunctional applications. 

 Challenges in Dispersion and Scalability: Challenges remain in achieving uniform 

dispersion and scalability of VACNTs in production processes, necessitating innovative 

approaches for stable dispersion and cost-effective manufacturing. 

 Significance of VACNTs in Interlaminar Reinforcement: The significance of VACNTs in 

interlaminar reinforcement cannot be overstated. The controlled vertical alignment of these 

nanotubes facilitates direct load transfer pathways across layers, preventing delamination 

and enhancing the overall structural integrity of CFRP composites. The exceptional 

mechanical properties, coupled with unique thermal and electrical conductivity, position 

VACNTs as a versatile and impactful reinforcement material. 

As the field continues to evolve, several avenues for future research directions emerge: 

 Dispersion and Stability: Further research is needed to develop advanced dispersion 

techniques and surface functionalization methods to address challenges related to the 

uniform dispersion and long-term stability of VACNTs in CFRP composites. 
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 Scalability and Cost-Effectiveness: Future research should focus on refining 

manufacturing processes to achieve scalability and cost-effectiveness, enabling the 

widespread adoption of VACNT-reinforced CFRP materials in various industries. 

 In-Situ Monitoring and Control: Advancements in in-situ monitoring and control 

mechanisms during the manufacturing process can enhance the reproducibility and 

reliability of VACNT-reinforced CFRP composites. 

 Tailored Applications: Research efforts should be directed toward understanding the 

specific requirements of diverse applications, enabling the customization of VACNT-

reinforced materials for optimal performance in various industries. 

In conclusion, the integration of VACNTs into CFRP composites holds immense promise for 

revolutionizing material performance and expanding the application horizons in aerospace, 

automotive, sports, and structural engineering. Addressing the remaining challenges and pursuing 

innovative research directions will undoubtedly unlock the full potential of VACNT-reinforced 

CFRP materials in the years to come. 
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Chapter 5: Contributions to the Scientific Community 

INTRODUCTION 

Composite structures have experienced an increase presence throughout sectors such as 

naval transportation, green energy, and aerospace due to their light weight, fatigue resistance, job 

tailorable customizations, and high bending-to-stiffness ratios. With the demand for composite 

structures increasing, the need for advancing composite technologies is more prevalent than ever. 

In this report, methods for enhancing current composite technologies were performed by 

focusing on the constituent materials related to sandwich composites structures focusing on new 

core materials, uncertainty quantification on resin matrix systems, and interlaminar reinforcement. 

 
CORE MATERIALS 

Background 

In chapter 1, the limitations to current core materials for arctic naval transportation were 

highlighted. Wooden and cork cores decrease in mechanical properties when water moisture is 

present, and foam cores observe catastrophic failure mechanisms through crushing mechanisms 

resulting from the embrittlement of arctic temperatures. In newer core technologies, there has been 

an increased focus on geometric-based cores, allowing application of new materials with enhanced 

tailorable properties.  

 
Focus 

The focus in this chapter investigated the quasi-static properties and failure mechanisms of 

Durable resin at room and arctic temperature environments. Durable resin is a photoreactive resin 

by Formlabs and manufactured using stereolithography additive manufacturing. This material 

would be able to implement the newer core geometric designs which require high precision during 

manufacturing to enhance their mechanical properties while reducing the net weight of the core. 
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Methodology 

Experimental tests were performed on specimens manufactured from Durable resin to 

identify mechanical properties associated with tensile, compressive, and flexural load cases at 

room and arctic temperatures. Failure mechanisms were identified after testing to compare the 

influence arctic temperatures had on the material system, and computational finite-element 

analysis models were developed to represent the quasi-static experiments. 

 
Results and Discussion 

Experimental tests illustrated an increase in mechanical strengths and moduli of the 

Durable resin specimens at arctic temperatures with a decrease in ultimate strain. As the 

temperature decreases, the polymer chains within the material experience hindered mobility 

resulting in a stiffer material system. Failure mechanisms observed after testing reaffirmed this, 

with arctic temperature tests resulting in brittle failure while room temperature tests experienced 

ductile failure. Computational models were able to accurately represent the quasi-static 

experiments within the linear-elastic region for each test at room and arctic temperature. 

 
Contributions 

Quasi-static tests performed at room and arctic temperatures highlighted an increase in 

mechanical properties at arctic temperatures without the severe crushing illustrated with traditional 

core materials such as foams. In combination with the material being used in additive 

manufacturing, further studies can be performed to investigate the core geometry effects using 

Durable resin. Lattice structure geometries can be implemented and studied to develop new job 

tailorable cores intended for room to arctic temperature environments with the new knowledge of 

the influence temperature has on the material system.  
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UNCERTAINTY QUANTIFICATION OF MATRIX SYSTEM 

 
Background 

In chapter 2, the development of uncertainty within composite structures during 

manufacturing and testing is highlighted. As a composite system is manufactured, uncertainties 

develop from the micro-scale to macro-scale resulting in a common basis of designers to either 

over-design their components for safety or risk failure due to differences from their predictions 

and real-life application. Over the years researchers have investigated methods to quantify the 

uncertainties in composite systems and increase the predictive capabilities used during the design 

process. The methods used for quantification is designed by the scale of system, where structural 

studies for example, tend to focus only on the macro-scale uncertainties involved and use the 

differences observed in post-manufactured specimens as their starting point. While there have been 

efforts to use micro-scale to meso-scale studies for uncertainty quantification, they involved the 

fiber system already within the matrix and not the constituents by themselves. Similar to the macro-

scale system resulting in not quantifying the meso-scale, this also results in losing the 

quantification of uncertainties developed specifically by the constituent materials. 

 
Focus 

In this study, an exploratory study was performed to quantify the uncertainties developed 

specifically by a vinyl-ester resin matrix system as it undergoes the manufacturing process. 

Narrowing the scope of view to a single constituent system to analyze the effects uncertainty has 

on impact damage will highlight the degree of influence that has been neglected and if it has 

relevance in larger scale studies. 
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Methodology 

The exploratory study utilized several key steps towards uncertainty quantification of the 

vinyl-ester specimens. First, uncertainties within the system were categorized as either aleatoric, 

epistemic, or prejudicial to aid in defining how the test methods were developed. Defined variables 

for testing included resin-to-hardener mixture ratio and the time of curing of the specimen before 

testing. The two independent variables were categorically altered to record and analyze their 

influences they had by themselves and together on the degree of impact damage within the system. 

To isolate the individual influences of the variables, local analyses were performed using a 

polynomial regression method to define their isolated trends. Uncertainty quantification to 

incorporate both variables on a global scale involved a multi-linear regression method coupled 

with a sensitivity analysis portrayed previously by researchers. 

 
Results and Discussion 

From the experimental tests, notable trends exhibited by the independent variables were 

observed to have influence on the degree of impact damage within the specimen. On the local 

scale, specimens manufactured with a deviation from the baseline resin-to-hardener mixture ratio 

experienced an increase in the degree of damage. The increase in damage was attributed to the 

lower end hardener-to-resin mixture resulting in excess resin caused by an incomplete chemical 

reaction, whereas the specimens with higher hardener concentrations would result in excess 

hardener for the same reason. Local trends regarding the cure time before testing illustrated a 

decrease in the degree of damage as the time before testing increased. This was attributed to the 

specimens having a higher chance of reaching full chemical cure and resting of the polymer chains 

as the time increased. From the global uncertainty quantification and sensitivity analysis, the 

theoretical model was able to encompass all of the experimental data within the predictive region. 

It was observed that within the performed tests, the hardener-to-resin ratio held a higher influence 

on the degree of impact damage illustrated by the higher coefficient in the global trend equation. 
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While both variables were tracked and predicted, there still existed an approximately 14% variance 

in the degree of damage resultant from the inevitable uncertainties, categorized as 

“miscellaneous”. 

 
Contributions 

Through the investigation of this study, it was shown that even on a single constituent scale 

using a vinyl-ester matrix system, uncertainties play a key role in performance deviation. This 

highlights the impact that neglecting smaller-scale systems carries when developing macro-scale 

analyses. Due to this studies’ exploratory nature, there exists improvements which can be made in 

the future to increase predictive capabilities which can then be up-scaled for future models. Studies 

involving more independent variables will help understand and define the contributors within the 

14% “miscellaneous” variable. Future studies can also utilize a higher number of samples to 

incorporate more complex numerical methods which can take 5000 samples or more to develop. 

 
INTERLAMINAR REINFORCEMENT 

 
Background 

In chapters 3 and 4, the importance of interlaminar reinforcement techniques is addressed. 

In composite structures, where a majority of the system strength comes from the fiber system used, 

the interlaminar region which is devoid of fibers poses concern as the weakest area. Within this 

region, low-velocity impact events can result in barely visible impact damage in the form of matrix 

cracking and delamination. This damage can cause significant reduction in mechanical properties 

without any visible identifiers and lead to onset catastrophic failure. Previous attempts to enhance 

the interlaminar region can be categorized into two main types, 3-D reinforcement, and 2-D 

reinforcement. 3-D reinforcement penetrates the fibers to increase the through-thickness properties 

but results in weakening the in-plane properties due to resin pockets and fiber breakage. 2-D 
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reinforcement acts by applying reinforcement explicitly to the interlaminar region, but can result 

in an increase of resin pockets, increased fiber pullout, and difficulties to apply in a commercial 

setting. Investigation into new forms of application for 2-D reinforcement is crucial to enhancing 

the damage tolerance of composite structures which can then be applied on a commercial scale. 

 
Focus 

Chapter 3 investigates the use of Kevlar® pulp interlaminar reinforcement to enhance 

impact damage mitigation for room and arctic temperature environments. Kevlar® pulp exists in 

the form of microfibers which can be mixed into a resin matrix system for toughening. The 

toughened resin matrix can then be applied during the hand-layup method without any 

modification. During impact events, the Kevlar® pulp microfibers can aid damage mitigation by 

cross-linking within the matrix and inter-ply fiber bridging. 

Chapter 4 investigates the potential use of vertically aligned carbon nanotubes and their 

application for future studies. Carbon nanotube interlaminar reinforcement in the past has been 

shown to enhance the mechanical and conductive properties of composite structures but relies 

heavily on the nanotube forest geometry. During synthesis and application, the forest geometries 

can be affected by altering the composite properties in unintended fashions. To optimize carbon 

nanotubes, newer methods are being developed to design vertically explicit forests which increase 

the potential of through-thickness mechanical performance enhancement using inter-ply bridging. 

 
Methodology 

Kevlar® pulp interlaminar reinforcement was investigated under impact loads at room and 

arctic temperatures to determine its influence on damage mitigation. Pristine and reinforced 

specimens were manufactured using woven carbon fiber and a vinyl-ester resin matrix system. 

Arctic specimens were conditioned at -60 °C prior to testing and utilized an environmental 

chamber equipped with liquid nitrogen to maintain the arctic temperature during testing. Impact 
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events followed ASTM standards with four different sets of impact energies, 5 J, 10 J, 15 J, and 

20 J to investigate the influence temperature and reinforcement had on degree of degree of damage, 

peak force, and bending stiffness of the specimens. After testing, specimens were then examined 

for visible damage for comparison. 

An extensive literature review was performed to encompass the development of vertically 

aligned carbon nanotubes over the years. The review focuses on the different methods of synthesis 

and growth of the VACNTs, properties of the nanotubes, interlaminar reinforcement mechanisms, 

processing techniques, characterization techniques, and current applications. 

 
Results and Discussion 

Specimens reinforced with Kevlar® pulp illustrated a reduction in the degree of damage, 

an increase to peak forces, and an increase to bending stiffness when compared to pristine samples. 

This was attributed to the inter-ply bridging aided by the micro-fibers present in the interlaminar 

region and reaffirmed by the smaller area of impact damage observed after testing. Arctic 

temperature specimens also observed a reduction in the degree of damage with an increase to peak 

force and bending stiffness when compared to room temperature specimens. This was attributed 

to the stiffening of the matrix caused by hindered chain mobility and coincided with smaller areas 

of impact damage observed after testing. 

  

 
Contributions 

Through the investigations made towards interlaminar reinforcement, two potential 

materials have shown great potential. Kevlar® pulp exists as a cheap material choice which can 

be applied with minimal effort to increase through-thickness properties of composite structures at 

room and arctic temperatures. Vertically aligned carbon nanotubes look to optimize the 

performance capabilities of carbon nanotubes within composite structures. Newer technologies are 
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being developed which aim to enhance the application of VACNTs from the lab synthesis setting 

to larger scale commercial applications. 

Both materials have shown potential regarding interlaminar reinforcement of composite 

structures. Future studies of Kevlar® pulp can investigate the influence of increased presence 

within matrix systems and how it affects the microstructure within the composite system. By 

defining optimal manufacturing methods, Kevlar® pulp can aid in selective reinforcement for 

future applications without any drawbacks. VACNT interlaminar reinforcement studies can be 

performed on different composite systems to define the viability of transference vs synthesis, 

analyzing the effects fracture toughness, tensile, compressive, and impact performance. For both 

materials, additional implementation of visualization through SEM and micro-XRCT scanning can 

aid in understanding how the reinforcement interacts with the composite systems under loading.  

 
CONCLUDING REMARKS 

Investigation of constituent materials and techniques applied in this report have helped to 

define future venues of study to enhance composite structures as a whole. Quasi-static 

experimentation on Durable resin has defined a new material which can be applied to geometric 

studies for sandwich composite cores. Uncertainty quantification on vinyl-ester resin matrix 

systems highlighted the issues associated by ignoring constituent material uncertainties, while 

illustrating the need for future study. Investigation into Kevlar® pulp and vertically aligned carbon 

nanotubes has portrayed two forms of interlaminar reinforcement which can increase overall 

composite structure performance with minimal drawbacks. 
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