
 
 
 
 
 
 
 
 

ABSTRACT 
 

Investigation of the Impact Resistance of Carbon Nanotube Forests within Carbon Fiber 
Laminated Composites through  

Experimental Confirmation and Finite Element Substantiation 
 

John E. Christoph II, M.S.M.E. 
 

Mentor: David A. Jack, Ph.D. 
 

 
 Carbon fiber laminated thermoset composites have become the industry standard 

for applications dictating a high strength-to-weight ratio. However, their brittle nature 

limits energy dissipation characteristics, often leading to catastrophic failure under low 

energy impact loadings. In an effort to increase the energy dissipation of these structures, 

this research examines the potential effects of including in-house synthesized vertically 

aligned multi-walled carbon nanotube forests within a layered laminate structure using 

the VARTM technique. Drop tower tests similar to ASTM D7136 are performed on 

fabricated laminates, including those with alternate insert materials and different resin 

cures for an added level of evaluation. A linear elastic finite element model with 

orthotropic properties from micromechanics theory is developed in COMSOL 

Multiphysics to compare with the experimental tests. Though the nanotube inserts 

provide some improvement from the base carbon fiber structure, it is anticipated these 

structures will be more useful as an impact sensor.  
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CHAPTER ONE 
 

Introduction 
 
 

The use of laminated carbon fiber composites in the aerospace, automotive and 

consumer goods industries is rapidly increasing, but their brittle nature limits the energy 

dissipation mechanisms vital to withstanding impact loading. This thesis introduces a 

mechanism, through the use of vertically aligned carbon nanotube (VACNT) forests 

embedded within a carbon fiber laminate, to transfer the impact energy over a larger area 

without completely compromising the composite. In this thesis, the focus is on low 

velocity impacts. In providing insight at the lower energy events, some insight can be 

made regarding the system’s capability at higher velocity impacts. The increase to higher 

velocity impacts introduces alternate phenomena outside the purview of this work. Depth 

of the research at such a focal point may offer additional insight towards future 

endeavors, such as the use of this structure as an impact sensor. The following scientific 

contributions are presented in this thesis: 

 Design, implement, and quantify the impact in network density and quality of 

fine flow-rate control in the synthesis of VACNTs using the chemical vapor 

deposition (CVD) process. 

 Combine VACNTs with woven carbon fibers in a laminated composite. 

 Identify the impact that the addition of VACNTs has on the effective impact 

resistance by drop tower testing of a laminated carbon fiber composite. 
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 Create a finite element model to aid in the interpretation of the impact test 

results and to guide future studies of alternative materials and alternative 

lamination stack sequences. 

 Determine through comparison of experimental and computational data the 

applicability of alternative materials for impact resistance within the 

laminated carbon fiber composite.  

 
1.1 Motivation and Vision 

 
The history of impact protection, specifically body armor, shows the advance 

from chainmail developed in ancient times to the plated suits of armor from the Middle 

Ages, flak jackets of World War II and the easily recognized ballistic vests used 

throughout the world today [1]. Fabricators have historically used what was available 

during the given time period to provide the best possible protection. Insight into the 

future of impact protection may be observed within science fictional literature, 

specifically the mythical character of comic book and cinema fame, Batman. Batman’s 

alter ego, Bruce Wayne, does not consider the limits of financial resources, thereby 

scientific advances are simply a matter of development from within and paying for that 

progress. The Batsuit seen in the recent Christopher Nolan trilogy provides a glimpse at 

what function and performance is dreamt to be a possibility for suits of armor in the 

future [2]. The key feature to observe as it pertains to this thesis is the capability to 

mitigate damage to the person wearing the suit with a nominal increase in weight. 

It is in blending of the physical need with that of the fictional that provides the 

inspiration for this study. Relating these two by this tangible notion encompasses the 

process of material selection and, when necessary, the creation of new materials and new 
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material systems. Identifying the proper tradeoffs in characteristics, such as strength-to-

weight ratio and flexibility, are inherent in the design and subsequent manufacturing. 

Body armor has to provide a defense against an assortment of attacks. Current systems, 

briefly discussed in the literature review, of aramid fibers and ceramic plates are heavy 

and restrict motion. Yet, they dominate the current impact protection market, because the 

capabilities are well understood. Rather than continue down that path, an alternative 

material combination is introduced. Additional motivation came to the author from his 

undergraduate senior capstone project designing and constructing a bullet trap for quality 

control testing of laminated composite panels in compliance with ballistic testing 

standards. Examples of two such laminates tested by the author are visible in Figure 1.1.  

 

 

Figure 1.1 - (a) Sandwich Composite and (b) Armorcore® Panel Following Ballistic 
Testing 
 
 
During this process and the time shortly thereafter that a long term dream was 

constructed: 

 
Is it possible to combine lightweight, laminated composite structures in a Batman-

like style to meet or exceed current ballistic standards for military body armor? 
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1.2 Thesis Statement and Overview 
 

While the grand vision presents many areas for further consideration, a broad 

target would dilute the final conclusions. A refined focus towards a single facet of the 

conception lends itself more to a research venture. Thus, the question is reposed:  

Is there potential for the use of vertically aligned carbon nanotube forests 

to be incorporated within carbon fiber laminates to either enhance or, at 

least, not reduce the observed impact response? 

In order to investigate this hypothesis, a laminated carbon fiber composite structure is 

fabricated with a core of vertically aligned carbon nanotubes as noted in Figure 1.2.  

 

 

Figure 1.2 – Illustration of Proposed Carbon Fiber/VACNT Composite Structure 
 
 
It was originally hoped this proposed structure could provide a multi-layer, multi-material 

defense for impact damage, but results in this thesis show nominal improvements from 

the traditional laminated carbon fiber composite. Beyond the nominal improvement in 

impact performance, there remains the potential of a multifunctional material, due to 

previously documented electrical and thermal capabilities of carbon nanotubes (see e.g. 

[3], [4], [5]), that will not degrade with impact performance, but may be useful as a 

sensor for impact damage. While the function of the VACNTs within the laminate is not 
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completely vetted, an early study performed by the author, shown in Figure 1.3, provides 

evidence this direction is not without merit. The laminate, which included VACNTs, 

underwent ballistic testing. It experienced significant delamination, but did not result in 

complete penetration. Note the absence of penetration in the posterior view (a), but 

significant delamination in the through-thickness view (b). The red arrows in (c) and (d) 

show the entrance and exit of the round on a laminate without VACNTs. A more in-depth 

discussion of this testing is saved for the conclusions chapter.  

This thesis discusses the prior research considered, efforts undertaken as part of 

this study, and the results produced throughout the process to address each of the goals 

presented in section 1.1. During this research endeavor, various technical obstacles had to 

be overcome in order to complete the objectives including: 

 Replicating, assembling, and enhancing a CVD manufacturing setup for 

VACNT production 

 Modify laminated composite fabrication techniques to incorporate insert 

materials for testing and comparison 

 Refurbish and retool a custom built drop tower for consistent and repeatable 

experimental testing 

 Incorporating the impact event into the COMSOL software using the Contact 

Pair feature while integrating the orthotropic material properties in a linear 

elastic material model 
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Figure 1.3 – Carbon Fiber and VACNT Laminate (a) and (b) Compared with a Carbon 
Fiber Laminate (c) and (d) Following Ballistic Test.  
 
 

The overarching hope of a measurable improvement in impact protection through 

the use of VACNTs was not achieved. Rather, the improved understanding of VACNTs 

serving as the core within a laminated structure presented enlightens potential pathways 

of further research moving forward. One intriguing prospective is the use of VACNTs as 

an impact sensor in a multi-functional capacity without compromising the overall 

structural performance.  

Chapter Two of this thesis discusses the wide range of literature that provides the 

foundation for this research. The literature review begins with a brief discussion of the 

current needs for impact protection as well as some ballistic studies. It then transitions to 

the material selection portion, examining both Kevlar and carbon fiber. A significant 
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section introduces carbon nanotubes, both their structure and potential material 

performance. Various synthesis methods are also included, including the method 

implemented in this research, chemical vapor deposition. The final thoughts of the 

chapter tie each of the major topical areas together, identifying a possible direction of 

further study.  

Chapter Three provides the details of the synthesis method used for nanotube 

production and laminate manufacturing. The emphasis is on the nanotube creation and 

the various subtleties to maintain consistency. The chapter then transitions to a discussion 

of the laminate fabrication method used. The compression testing configuration is 

introduced, and the results are presented to provide a comparison of stress versus strain 

response from previous external testing and microscopy. Drop tower tests are performed 

and results are presented for laminates incorporating VACNTs as well as other insert 

materials to determine each of these individual systems respective impact response. 

Chapter Four presents the finite element model constructed in the COMSOL 

commercial software package for the custom ASTM-D7136 test fixture and impact test 

apparatus. The chapter begins with a discussion on the early developmental work to 

provide an understanding of the subtle features of the physical system. Great care is taken 

to explain the limitations of the model, the boundary conditions prescribed and which 

alternatives were considered and ultimately not used. The results are then discussed with 

regards to the expectations from the experimental portions, comparing the similarities and 

differences of the model’s predictions with the drop tower test results of Chapter Three.  

Chapter Five links the results from Chapters Three and Four into a single concise 

thought. The significant conclusions are presented pertaining to their scientific 
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contribution as well as how they relate to the aspirations of the larger overall vision. 

Future possible research avenues are also discussed here, including the use of the 

laminated composite presented for improving existing protection systems and the 

possibility of VACNTs in the multi-functional capacity alluded to in this introduction. 
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CHAPTER TWO 
 

Literature Review 
 
 

2.1 Purpose 
 

In order to determine the next logical contribution in this area, it is necessary to 

know what has been done. The following collection of prior research unites to form a 

clear picture to answer three important questions: 

1) What has been attempted? 

2) What is missing from the previous work? 

3) What is the next step? 

Prior to fully immersing in the subject, there was a period of light research into 

the protection systems that exist now. Fortunately, television shows and YouTube videos 

are readily available to shed some light on how different groups are attacking the impact 

protection issue from a variety of angles. These focus exclusively on the ballistic-specific 

contribution, but give rise to use in low velocity capacities. In an episode of How Do 

They Do It, the narrator discussed advances developed by the Australian military using 

ultra-high-molecular-weight polyethylene (UHMWPE) to substitute for the standard 

ceramic plates [6]. Performance was not discussed or fully compared with the 

aforementioned ceramic plates, but a key difference was. The weight of the UHMWPE 

inserts is significantly less, which allows for more mobility and ease of use. This is of 

great significance to the war fighter, where mobility is paramount to success. Another 

venture into the weight reduction of body armor was presented in a YouTube video from 
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AR500 Armor, a company in Phoenix, Arizona that claims to have soft body armor using 

carbon nanotubes. This video showed their insert undergoing significant damage against 

a .44 magnum round, a .45 ACP (Automatic Colt Pistol) and a standard 9 mm round. 

However, the damage was all centered at the point of impact while limited damage was 

transmitted through the plate [7]. While both provided significant hope for the 

possibilities that exist with advanced materials, neither emerged as the gold standard. The 

closest to that goal is Dragon Skin®, “the industry’s only rifle-threat defending armor 

that is flexible” [8]. This armor set employs the same ceramic material used in standard 

rifle defense plates, but instead of one solid plate opts for overlapping circles for a scaling 

pattern similar to fish scales or the skin of a dragon from Middle Age folklore 

conceptualization, hence the name. An x-ray of the vest is seen in Figure 2.1.   

 

 

Figure 2.1 – X-ray Image of Dragon Skin® Armor [9] 
 

This system was the subject of controversy when tested by the United States for military 

use [10]–[12].  While no stance will be taken on the outcome of testing and protocols that 
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were developed specifically for this armor set, the significance of the armor is not 

without merit. Although the military outlawed soldiers privately purchasing of armor in 

2006 [13], soldiers opted to defy that guideline in favor of the armor. A specific example 

is provided in Chief Petty Officer Chris Kyle’s autobiography American Sniper, in which 

he discusses purchasing and subsequently using Dragon Skin® following a tour of duty 

in Iraq [14]. While it was not uncommon for other soldiers to do the same, those that 

opted to stick with their issued armor had difficulties in battles requiring mobility. Mark 

Owen described such an account in No Easy Day, in which he depicts the decision by 

himself and others to leave behind the ceramic plates to opt for mobility and reduce 

weight for a climb in the mountains towards a target [15]. After reading these accounts, 

interviews were conducted with Greg Moore, a First Lieutenant in the United States 

Marine Corps, about the standard issue protection [16]. It was revealed the standard 

ceramic plates for high velocity rounds provide limited mobility while in the vest and 

limited protection following a recorded impact, because of the brittle nature of the 

ceramic material. In addition, impacts result in significant damage to the soft tissue and 

bones directly behind the impact. While a bullet wound is avoided, there is still damage 

being done by the impact of the higher caliber (thus higher velocity) rounds. For a 

broader look at composite vest insert analysis, two international and multiple domestic 

sources are examined. These examined fibrous composite inserts in use for high velocity 

impact protection. Polak et al. [17] published a study in 2009 by the Institute of Security 

Technology “MORATEX” in Poland and European Union European Regional 

Development Fund regarding investigation and testing of the protective vests developed 

within. Various designs had been created within the realm of research projects at the 
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institute. However, there were no changes made to existing composite panels. The three 

vests subjected to the investigation were the “Warrior”, the “Fighter”, and the “special 

overt protective vest”, listed in order from most- to least-protective. While all vests were 

subjected to the PN-V-87000: 1999 Standard, only the “Warrior” also survived the test to 

certify up to level IIIA of NIJ standard 0101.04. In addition, it addressed design keys 

including, but not limited to: 

“[T]he requirements regarding ergonomic properties of the vests, as their 
functionality of rapid putting on and adjusting to the wearer’s body, no 
obstruction to the wearer’s activities anticipated, accessibility and ease of 
using the pockets and latches designed for carry and fixing the 
equipment.” [17]  

This study provided depth of depression data from each of the tests performed, as well as 

discussed the results within the Polish ballistic standards. Other design keys were 

highlighted in its section 1.2: Ballistic resistance of the vests and their basic design, 

specifically the fit and form characteristics of each vest. Table 5 in the work drew 

attention to potential hazards of bullet- and fragment-proof vests. Although important, 

their ideas are external to the main focus of the present research, as the concern is of the 

composite’s functionality and impact performance rather than the aesthetics of the 

protective device. Those points would be useful in a re-design of the standard ballistic 

vests to be discussed in the future work section of Chapter Five of this thesis. Singh et al. 

[18] examined three popular fibers and their effectiveness using finite-element 

techniques. The three fibers are Kevlar®, Twaron, and Dyneema. Their study focused on 

the analysis of impact on the front, back and groin plates manufactured using these fibers 

within a resin matrix. Although neither specific analysis method nor material models 

were discussed, it is evident some finite element analysis was used to obtain the figures 
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presented for the modeled impact on the three plates. The discussion on injury risks and 

the diligence to be taken in designing the armor contributed more to the present research 

than the computational analysis, because of a lack of data for worthy comparison. The 

results of the work concluded Dyneema fibers outperformed Twaron and Kevlar® 49 

because those simulations had the least amount of deflection within the plates. Analysis 

of the armor design and the multiple fibers tested introduced some considerations of the 

material selection process, at the core of which is a high strength-to-weight ratio and the 

manufacturing ability to produce inserts without compromising safety. This quote 

provided further insight.   

“1. The armor should be as light as possible, while still providing 
protection against the threat that is MOST prevalent in the geographical 
area of use. 2. The length of the front of the armor should not be too long; 
otherwise, it will be pushed up into the throat when the officer sits or 
bends. 3. The armor should be wide enough to allow the front panel to 
overlap the back panel. The armholes of the armor should not be too 
small” [18].  

The aforementioned design keys aide the established construction and performance 

factors presented in Polak et al. towards a useable and effective ballistic resistant 

technology. While this is the intended future path discussed at length later in this work, 

the focus now shifts to material performance studies of which some examine the role of 

different composites in ballistic performance.  

 
2.2 Ballistic Testing Studies   

 
Yen [19] developed a ballistic model for continuous-fiber reinforced composites 

to determine damage and failure under high velocity ballistic impact conditions. The 

importance laid in the premise that “composite laminates absorb energy primarily due to 

the failure of fibers under axial tension/compression, punch shear and crush loading.” 
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This is of importance when selecting the fibers to use within a laminated composite to 

undergo such aggressive loading. Based on continuum mechanics theory, the model was 

developed and tested with weave-layered composite properties in order to predict the 

failure of fiber-reinforced composites under ballistic impact conditions. The simulations 

allowed for determining damage characteristics and failure. Ultimately, it provided the 

ability to predict the failure points and develop reinforcements or alterations to the 

composite in order to improve the protection system. Yahya et al. [20] examined the blast 

behavior of two fiber reinforced thermoplastic laminates. The researchers analyzed 

carbon-fiber-reinforced poly-ether-imide (PEI) and glass-fiber-reinforced PEI 

composites. After performing flexural and interlaminar fracture tests, the composites 

underwent blast tests in a ballistic pendulum facility. The main causes of failure are 

“delamination, localized fiber buckling, fiber fracture, and shear failure at the boundary 

of the clamped plates.” These methods of failure are to be expected; however, it is shown 

the delamination is localized along the centerline of the laminate. Other believed failure 

modes included debonding, matrix cracking, and penetration, the severity of which grew 

with increasing impulse. In the limited testing, it is determined the glass-fiber PEI 

outperforms the carbon fiber PEI in the compressive tests due to the fiber’s higher 

compressive strength indicated in the manufacturer’s data sheet. The experimental 

evidence suggested that the blast resistance of the laminates is largely determined by their 

ability to absorb energy in elastic deformation of the target and plastic shear flow in the 

thermoplastic matrix. Additionally, the ability for the composite to undergo delamination 

significantly contributed to its impact performance. Bürger et al. [21] investigated armor-

piercing projectiles on hybrid ceramic/fiber reinforced composite armors. The report 
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discussed three separate models implemented in ABAQUS Explicit to generate results for 

the damage pattern and V50 for comparison with experiments. The metal model provided 

insight into mass loss of the copper projectile to the composite system. Also, the 

composite model was accurate in determining energy absorption within the panel but did 

not take into account delaminations. It also showed poor results in predicting residual 

deformation. The previous statements regarding the quality of the prediction model are 

crucial. As previously discussed in Yahya et al., delaminations are a method of energy 

dissipation vital to the success of such laminates in protection under high velocity impact 

conditions. Grujicic et al. [22] inspected hybrid armors consisting of carbon fiber-

reinforced epoxy (CFRE) and Kevlar fiber-reinforced epoxy (KFRE) laminates at 

different ply orientations and stacking sequences. Each composite alternated layers of 

CFRE and KFRE to create single-, two-, and four-layer composite armors that were the 

subject of the computational analysis. Interestingly, of the six different combinations, 

each that began with a layer of CFRE allowed the AISI 4340 steel projectile to pass 

completely through. The single layer of KFRE also followed this trend due to a limited 

thickness to defeat the projectile. Bulk failure was the most dominant mode in laminates 

that experienced failure. However, the multi-layer armors, which began with a layer of 

KFRE, did not allow penetration of the projectile. Prior to this initial investigation, a 

wide variety of materials could have been considered for use in this study. After 

consideration, a further examination of carbon fiber and Kevlar® fibers for use in 

laminated composite impact protection is performed in order to narrow the focus for 

further testing. In examining these prior studies, a possible, yet formidable, direction 

emerges as the most likely to generate useful results with the resources available. 
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2.3 Kevlar® Impact Studies 
 

2.3.1 Discovery and Uses 
 

For impact, especially ballistic impact protection, Kevlar® has emerged as the 

material of choice. Although initially developed by Stephanie Kwolek at DuPont for tire 

strength during the 1960s, later development led to the KM2 variety renowned for its 

ballistic capabilities [23]. (This repurposing and research into alternate uses for the fiber 

following its intended use is the mindset to apply towards nanotubes later.) Considerable 

research examined its properties across the velocity range for impact performance. 

Dwivedi et al. [24] conducted tests on continuous filament knit aramids (CFKA) as a 

developed alternative to conventional ballistic protective fabrics. Specifically, the study 

explored CFKA as a replacement for protective undergarments (PUG) for groin 

protection and flexible extremity protection.  Researchers tested the CFKA against 

conventional fibers, such as silk and polyester, engineered fabrics, such as lightweight 

Kevlar and the ballistic KM2 Kevlar® weave, and engineered felts, such as ArmorFelt 

and TexTech. Tests involved impacting the target fiber with “0.22 caliber glass spheres in 

a pre-determined shot pattern … to calculate V50 values.” Each target was backed by 

ballistic gelatin to provide a realistic support material behind it. The results were not 

surprising in that the conventional fibers lost to the engineered fibers by a wide margin. 

This is to be expected considering the engineered fibers such as the KM2 Kevlar® weave 

are currently employed by the military for this very purpose. Although the CFKA per-

weight performance fell approximately 7% short of the KM2 weave, the authors 

suggested alternate designs and constructions could aid to eclipse this mark. “For 

example, we hypothesize that knit constructions that lead to more uniform and 
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simultaneous loading of yarns will lead to enhanced performance” [24]. It was also said 

the construction technique that reduces stretching of the fibers may lead to an increase of 

the performance coupled with the downside of a decrease in comfort. Yet no matter the 

construction, the KM2 outperformed the competition. Gustin et al. [25] explored the 

possibility of improvements in the structural properties of a traditional carbon fiber 

composite as a result of replacing layers of the carbon fiber composite with Kevlar® or a 

hybrid layer composed of a 2x2 twill weave of carbon fiber and Kevlar® fibers. The 

study concluded that the top performing structures were those with a single layer of the 

hybrid fiber composition, which is composed of a weave using Kevlar® and carbon fiber, 

substituted in the top layer. Their properties outperformed the exclusive carbon fiber 

samples in average absorbed energy and average maximum force. It is the concept of 

supplementing the base material with the exchange for an alternate material that provides 

inspiration for the alternate material inserts to be discussed later. A lingering question 

regarding the study is whether or not the position of the substituted layer matters. That is, 

when a layer of Kevlar® or hybrid fiber is substituted for the carbon fiber, could there be 

a benefit or draw back from differing the order of the layers in the composite. Adjusting 

the order could alter the properties, but no projections of the properties can be determined 

from the current study. Using the same composite formulations in the previous study, 

Salehi-Khojin et al. [26] measured the temperature range from -50 ˚C to 120 ˚C and low 

velocity impacts at 15, 25, and 45 Joules. The results revealed insight into the “bending 

and core shear stress, maximum energy absorption, and “absorbing energy and moment 

parameter” (AEMP), “performance parameter” (PP), and compression strength after 

impact (CSAI).” The results were surprising as the C-H (carbon fiber and hybrid) 
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composition excelled as the temperature was increased, absorbing approximately 97% of 

the energy from the impact. The researchers believed this test completed the 

understanding regarding the composite and parameters outlined in previous 

experimentation. As a brief aside, such a reduction in damage seen as the temperature 

increases suggests an alternate mechanism is at play. The authors of this thesis speculates 

glass transition temperature (Tg) of the resin formulation could have contributed to the 

performance under the given temperature conditions. Salehi-Khojin et al. did not mention 

the Tg as a possible explanation for the increased impact resistance. Regardless, a 

dependence on operational temperature is present for consideration. 

 
2.3.2 Modeling of Kevlar® Response 
 

While the response and supremacy in high-strain rate scenarios is well 

documented, recent works have focused primarily on the modeling of the Kevlar® at the 

fiber level. Grujicic et al. [27] performed a study published in 2011 modeling the 

penetration resistance of the Kevlar® KM2 ballistic fabric at the sub-yarn hierarchical 

level. The two concentrations of the study examine the “fiber transverse properties 

including nonlinear elastic and plastic response and fiber-fiber friction within the context 

of stochastically distributed fiber axial strength.” The results would then be applicable 

towards nonlinear finite-element impact simulators incorporating such fiber-to-fiber 

interactions. The authors also highlighted ballistic penetration response is affected by a 

number of factors including “strength, ductility, elastic modulus, mass-density, viscosity 

and thermal properties, but also by fabric architecture in its as-fabricated state.” They 

developed a model for the Kevlar® KM2 fabric within the constraints of conventional 

finite-element coding. The model quantified parameters including deflection, deformation 
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and damage response during impact loading conditions. These results are then compared 

to existing digital-element method, from which the researchers concluded their results 

reasonably coincide with existing computational and experimental data.  Subsequently, 

Sockalingam et al. [28] set out to provide numerical modeling data for the transverse 

compression response of the KM2 fiber. The single fiber transverse compression 

response (SFTCR) and the tow transverse compression response (TTCR) were analyzed 

in this work. The researchers first point out issues with other models, such as assuming 

Poisson’s ratios to be zero when they are clearly not. “These continuum approaches do 

not accurately account for transverse compression response of tows where fiber 

compression, fiber-fiber contact and friction and fiber spreading within the tow.” 

Including the fiber interactions provides another factor to consider when analyzing the 

ballistic penetration response. This paper emphasized none of the previous numerical 

models they reviewed had been validated. The overall guiding principle behind 

Sockalingam et al.’s model is the “load-displacement measurements in conjunction with 

the elastic small strain analytical solution based on the Herzian contact models between 

parallel plates.” Equations are provided to permit the readers to replicate this numerical 

study and obtain comparable results given appropriate resources. They discussed the 

relevant results, including the increases in stresses as a result of the incorporation of 

parameters that had not been accounted for in previous studies. Improvements in the 

quality and repeatability of the reported values increased with further refinement of the 

mesh. However, as expected, this refinement came with the tradeoff of extended 

computational time. While neither code is incorporated or considered in this thesis, these 

two examples are a microcosm of the external ongoing efforts to model the mechanics of 
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the lamiante at all levels, from individual fibers in a tow up to the macroscopic laminate. 

With higher conformity between the modeling and experimental results, the physics in 

these models can be a starting point for modeling of other complex material responses. 

 
2.3.3 Reasoning for Alternate Materials 
 

All of these facts considered, the Kevlar® fibers provide a significant boost in 

impact response, especially in ballistic events using the KM2 fiber. Combining a 

Kevlar® weave with any other material would not necessarily provide evidence that a 

contribution was made by this additional material. With sights set towards the future, the 

use of Kevlar in addition to other materials could be considered for a more sophisticated 

impact protection structure, laminated or otherwise constructed. However, carbon fiber is 

chosen for this study, because of the track record as a high strength-to-weight material. 

Upon result of a favorable test using any additional materials, it can be considered an 

improvement from the base carbon fiber material. It is the premise of improving the base 

carbon fiber structure that represents the control during the experimentation discussed.   

 
2.4 Carbon Fiber Impact Studies 

 
While extensive analysis of work could be provided aimed at defining the origins 

and growth of carbon fiber for all types of applications, another tact is chosen. For 

brevity and focus towards pertinent information, the following works deal explicitly with 

impact of varying velocities on carbon fiber laminates. Each work included aids to 

narrow the multitude of variables to be considered during the research including impact 

velocity, angle, size of projectile, etc. to improve the response of a carbon fiber laminate 

under impact loadings. 
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Gerlach et al. [29] completed a comprehensive analysis on 3D woven carbon fiber 

composites. The failure modes investigated included in- and out-of-plane tension and 

compression tests, shear loading and finally plate bending. Experiments were performed 

at a variety of strain rates to determine strain rate dependence and damage propagation as 

a result of the different loading scenarios. The focus of the conclusions was on the varied 

binder volume fraction percentage in that there was little effect on in-plane stiffness, but 

a profound difference in the resistance to delaminations. Though data available for 

comparison was scarce, an ample set of experiments and instructions were provided. The 

increased volume fraction of the binder is just one additive that has been used to improve 

the performance of carbon fiber composites under impact loadings. Lamontagne et al. 

[30] examined hypervelocity impact on carbon fiber composites supplemented by 

polyether ether ketone, or PEEK. Although the impact physics is slightly different from 

speeds that would be considered within the parameters of the present study, it was found 

the impact angle had little effect on the resulting damage. This damage showed 

independence from the projectile's density as well, but did perpetuate the reliance on the 

projectile's diameter. Craters as a result of the impact correlated with the impact energy 

and not the impact angle as previously hypothesized. (As an added note, a layer of Nextel 

is shown to aid in controlling the debris cloud generated by these high-energy impacts.) 

A 2013 article from Poveda and Gupta [31] explored the residual compressive properties 

after high strain rate impact tests. Samples were taken from each of the four quadrants of 

the test specimen following the drop test. Additional tests were performed using a split-

Hopkinson pressure bar to determine the mechanical properties. The importance of 

tracking the properties away from the impact zone aids in the understanding of the 



 
 

22 

delamination and further damage considerations for subsequent impacts. According to the 

article, delamination is the general cause of in-plane compression failure, because of 

buckling and separation of layers of fibers under the high strain rates. Strain rates in this 

experiment varied from 1000 - 1450 s-1. Although this is a narrow margin, the energy 

values showed a large disparity implying strain rate dependence. In comparison, the 

results also showed a consistent range of peak stress over the same strain rate range. The 

data analysis led to a calculated maximum decrease of 76.1% in the peak stress and a 

71.6% decrease in the absorbed energy using the cross-ply carbon fiber construction. Of 

greater importance to the present work, the impact tests were conducted using the ASTM 

standard D7136 to be discussed at length in Chapter 3. Breen et al. [32] performed 

impact tests of up to 375 J on carbon fiber composite laminates with thicknesses no 

greater than 12 mm. This study examined two types of impacts: a central collision in 

which the laminate is fully supported and a “near edge impact where the laminate is 

partially supported so that one of its edges is free.” The analysis is completed on thicker 

laminates, because of the extensive research compiled on thin laminates and use for 

applications in the automotive and aerospace industries that constitute the funding for the 

research. Results of the tests yielded two generalities. First, impacts close to the edge 

gave a larger area of delamination. Secondly, a central impact provided a higher density 

of fiber cracks and crack initiation sites. The compressive strength was much lower as a 

result of an edge impact. The opposite was true for tensile strength, that is, the residual 

tensile strength was less than that of an edge impact. Though the laminates were 

considerably thicker than those to be tested for this study, it is evident the location of the 

impact dictates the laminate’s resulting crack formation. The current work only focuses 
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on central impact, but this concept could be of benefit to future studies. Alderson and 

Coenen [33] investigated the response of auxetic laminates as compared to laminates with 

Poisson’s ratios very close to zero and positive. The ‘auxetic’ moniker indicates the 

carbon fiber has a negative Poisson’s ratio in the direction tested. Results of the tests 

were examined using the ultrasonic C-scan technique, fractography, and measurements of 

residual properties. “The auxetic laminate had very few delaminations, in addition to very 

localized fibre breakage directly under the indentor.” The auxetic laminate withstood the 

highest load, displacement and absorbed energy at the first failure and peak failure points. 

It is important to recognize the residual properties at the impact site were very poor. The 

auxetic layups had less damage percentage and damage extent that the specimens with a 

small and large Poisson’s ratio in the through-thickness direction up to the first failure, 

which occurred at low levels of impact energy. It is possible this implies response rate 

dependence in auxetic laminates. This study showed changes in the through-thickness 

direction greatly contribute to the performance of the laminate under impact loading. 

Aurrokoetxea et al. [34] reviewed impact on vacuum-assisted compression resin transfer 

molding, or VACRTM, manufactured carbon fiber/epoxy part. There are multiple points 

of interest from this study, including the high fiber content and selected manufacturing 

method. Increasing the fiber volume could lead to increases in strength properties, 

however does come with its respective drawbacks. Some of these issues were mentioned 

in the work, such as reduction in “the permeability of the perform, leading to long filling 

time, incomplete impregnation, and high void content.”  The researchers attempted to 

resolve some of the problems using the added compression during infusion. This type of 

resin transfer molding included a partially open gap for ease of resin flow rather than 
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having to resort to “increasing the injection pressure, decreasing the resin viscosity, or 

multiple gate injections” in order to rectify the increase in fiber content. The results 

attained were a measured volume fraction of 58.1% and low void content of 0.11%. The 

impact results from a drop tower test revealed a critical force of 3546 ± 197 N and a peak 

force of 3837 ± 29 N.  

Each of the aforementioned papers addresses one possible change to improve the 

response of carbon fiber under impact loading. Additional studies that utilize carbon fiber 

and nanotubes are left to the nanotube portion of the literature review, because the noted 

change is the use of nanotubes, not necessarily the carbon fiber laminate response. With 

that said, it has been shown the practice of altering the laminate layup in an effort to 

improve the impact response is a valid one.  

 
2.5 Carbon Nanotube Studies 

 

2.5.1 Discovery 
 

The discovery of carbon nanotubes is attributed to Iijima’s Helical Microtubules 

of Graphitic Carbon [35]. This paper is the industry standard for synthesis of what he 

terms “microtubules of graphitic carbon”. The work uses an “arc-discharge evaporation 

method” in which the graphitic hexagons form tubes around the needle, layering from 

two to fifty layers. Many of the topics addressed growth using the arc needle. However, a 

point was brought up regarding the concentric nature of the tubes. Each successive step 

into the structure resulted in a loss of 8-9 hexagons for each circumference inside of 

another. He also mentioned the structure of these microtubules suggests the structures 

could be made larger, on a scale more relevant to modern materials engineering. An 
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article from 1952 ascribed the first discovery of carbon nanotubes to the Soviets during 

the Cold War, but is often overlooked because of political motivations during the era, the 

need for translation and lack of knowledge of its existence [36]. National Geographic 

[37] published an expose on the discovery of nanotubes and nanowires in Damascus 

swords, proving these complex structures existed unknown, long before modern times. 

The incredible properties attributed to the carbon bonds within these structures are 

believed to have contributed to the performance that made Damascus swords so advanced 

for their time. It was also speculated that while these swords were ahead of their time, 

they would be outperformed by modern steel. Nanotubes and nanowires were discovered 

using electron microscopy of a 17th century edition of the sword. The recipe has since 

been lost for making the swords, but efforts are underway to replicate the sword’s 

chemical, thus structural, composition. Additionally, Antique Nanotubes [38] reported 

some of the impurities in the sword structure, including Vanadium, an element 

originating in India. The procedure was refined over many centuries to produce the 

Damascus sword renowned for its incredible strength. No matter when this material was 

formed, the time for applications incorporating these properties is now. An article entitled 

The First Carbon Nanotube Computer [39] showed the advances in use of nanotubes for 

computing. While the all-nanotube processor does not exceed the capability of Intel’s 

first chip, it represents an initial step down the path of reinventing the materials used in 

computer manufacturing. With the looming end of useful silicon advances, steps like this 

research must be taken to ensure no drop-off in technology. There were noted issues and 

setbacks from using a university lab as compared to a full-scale production site used at an 

IBM or Intel that limited the work. Partnership with one of these companies would be key 
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to advance this work and establish carbon nanotubes as the next computing material of 

choice. This is just one of many available examples of utilizing nantoubes in an electrical 

capacity which dominates the application space for carbon nanotubes at the moment. 

While the electrical properties are continually being tested, the focus of this work will 

examine the mechanical contribution such a structure can provide. 

 
2.5.2 Synthesis Methods 
 

Many methods have been developed to synthesize, or chemically grow, 

nanotubes. The alternative methods to be discussed are the arc discharge, laser ablation, 

and plasma jet methods prior to extensively discussing the chemical vapor deposition 

method used in this study. While a chemical vapor deposition method in Raney [40] is 

used with improvements for this work, the alternates are presented as a brief synopsis of 

the possible synthesis methods. Ebbesen and Ajayan [41] discussed large-scale synthesis 

of carbon nanotubes using variations of the arc-discharge method. This is the same 

method as cataloged by Iijima, but on a scale to produce samples for more extensive 

testing and microscopy. A voltage of approximately 18 Volts was applied across two 

graphite rods of different diameters. The rods were brought together, allowing for 

discharge to form plasma on the larger rod. As the smaller rod was consumed, 

“carbonaceous” deposits form on the rod that contain nanotubes under the proper 

conditions, which require control in an inert gas atmosphere. This study altered current 

(A.C. and D.C.), type of inert gas, voltage and the rod size. The type of inert gas was 

varied, however argon produced the optimal growth conditions. It was later discovered 

this is true of other methods, as well. The resulting carbon deposits are placed in an 

ultrasonic bath to separate the nanotubes out. A 1995 work of Guo et al. [42] presented 
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the first published case of the laser ablation method. In this, a laser was used on graphite 

to create multi-walled carbon nanotubes. The inherent nature of tube growth was a result 

of the condensation of pure carbon vapors. The oven where the ablation occurs was set to 

approximately 1200°C for four to five hours. As the temperature was lowered, defects 

became prevalent, because of the nature of this process. While laser ablation had been 

developed for larger scale/higher yield growth of multi wall nanotubes, single wall 

carbon nanotube growth resulted low yield production. In a subsequent work from Shi et 

al. [43], single wall carbon nanotubes were produced using the same arc discharge 

method seen in Ebbesen et al. Here, the density of nanotubes produced using an yttrium-

nickel (Y-Ni) composite graphite anode rod was increased to about 40% by weight. 

These experiments were run in a helium environment, varying the current and helium 

pressure to maximize the growth. It is suggested a large temperature gradient and use of 

the Y-Ni anode were essential in the formation of the single walled nanotubes. Smiljanic 

et al. [44] provided the first work using a plasma torch to synthesize nanotubes. This 

work used a combination of the arc discharge and laser ablation methods to yield a low 

cost method for nanotube production. The mixture in the process is similar to that of the 

chemical vapor deposition method (argon, ferrocene and ethylene). Scanning electron and 

transmission electron microscopy and Raman spectroscopy, to be discussed later, were 

performed to analyze the samples. The results showed that the nanotubes are comparable 

to those produced with the previously methods.  

Chemical vapor deposition (CVD) discussed in Ren et al. [45] analyzes the 

synthesis of well-aligned carbon nanotubes. This method used a tube furnace to heat a 

quartz tube in which the solution of ferrocene and toluene is pumped with argon into the 
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reaction space inside of the tube. Combined with the external heat, the solution results in 

carbon nanotubes on the interior surface of the tube. Gases expelled out of the end of the 

furnace tube accounted for all of the remaining components of the chemical reaction. The 

CVD method is used exclusively to synthesize nanotubes in this study. Raney et al. [46] 

examined the use of hydrogen in this process of floating catalyst synthesis of vertically 

aligned carbon nanotubes (VACNTs). It is observed a lower concentration of hydrogen 

alters mechanical properties of the foam under compressive strain. Physical 

characteristics were also altered, including non-uniformity of the nanotube diameters. 

The increase in hydrogen used decreased the compressive response, but plateaus around 

the 40-50% range. The overall height and strain recovery of the VACNTs did not change 

as a result of including hydrogen in the synthesis reaction. Finally, the stress-strain curve 

for nanotubes grown without hydrogen does not display the three regions of deformation 

while those grown using hydrogen do show these characteristic ranges discussed in the 

work. Raney [40] also altered solution flow rates to determine whether or not banded 

layer formations could enhance the compression response of the nanotube forests. In an 

effort to provide further inquiry, single double, and triple banded layer samples were 

formulated. The flow rate of the solution was manipulated in order to develop each of the 

preceding types. Two methods of formulation were presented. First, a continuous method 

in which no pausing of the syringe pump occurred permitted synthesis without additional 

user interfacing during the synthesis run. The alternative method utilized pauses to 

introduce a hardening of the structure that increased the visibility of the banding upon 

scanning electron microscopy. The total volume to be dispensed does not change, but the 

rates at which the syringe pump is operated are altered, leading an overall increase in the 
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synthesis operational time. Samples were tested along with previous batches in order to 

determine trends in the compressive deformation response. Unfortunately, no discernable 

trends were found through microscopy or compression testing with relation to the number 

or low density bands developed through the discussed altered synthesis methods.    

 
2.5.3 Post-Synthesis 
 
 Upon completion of synthesis, post-processing of the nanotubes has become 

standard in order to determine properties exclusive to nanotubes. In certain CVD 

experiments, such as those discussed in this study, substrates are used where the floating 

catalyst is deposited. It is helpful to remove the nanotubes or pieces of the nanotube 

forest from the substrate prior to testing. It is also possible to remove the forests from the 

substrate using a small knife-edge. However, the nature of the forest results in fracture 

and fragmentation of the nanotubes. Smaller pieces are obtainable for microscopy and 

mechanical testing, but this is not always an effective way to remove a large sample.  

Chai et al. [47] in 2007 described a "liftoff" process for removing aligned 

nanotubes from the silicon substrate. Though the method was slightly different from 

traditional sterolithography, this process holds true and produced favorable results. That 

is, the nanotube forests remain intact and were able to be moved and repurposed. The 

process required placement of the wafer and nanotube combination into a hydrofluoric 

(HF) acid bath. The ratio of acid to water used was 1:100 for good process control. The 

piece was carefully removed and placed into a deionized water bath. At this point, the 

substrate should separate from the nanotubes and the forests, float in the bath. The 

samples can then be removed and dried. In addition to the removal technique, Chai 

highlighted a thermal conductivity test based on ASTM standard D5470 The transfer 
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process also provides a method to control the tip structure (open-ended or close-ended) 

of the transferred CNT film. Upon completion of the process or using the knife-edge to 

remove the sample from the substrate, the nanotubes are ready for either scanning or 

transmission electron microscopy.  

Additional characterization of the nanotubes, now standard in the field, is Raman 

spectroscopy. One example is from Dresselhaus et al. [48] who report the mathematic 

characteristics of single wall nanotube (SWNT). In describing the physical properties and 

makeup of the tubes, great care was given to show the transformation from 1D Brillouin 

Zones to the 2D graphene structure to the 3D carbon nanotubes. The use of Raman 

scattering helped to gain knowledge of the phonon and electrical structure, contributing 

to the mechanical and thermal properties. Strict resonance was employed for 

characterization. While the SWNT and MWCNTs could be grown in similar manners, the 

use of Raman spectroscopy is not as indisputable with the MWCNTs. The thickness and 

varying tube diameters are contributing factors. "[M]ost of the characteristic differences 

that distinguish the Raman spectra in SWNTs from the spectra for graphite are not so 

evident in MWNTs”. No Raman results are reported in this study, because of the 

imperceptible nature. Following an understanding from microscopy and/or Raman 

spectroscopy, nanotubes can be used inside of structures to determine whether or not a 

mechanical advantage is present.  

Misra et al. [49] examined the use of vertically aligned CNT arrays inside of a 

multilayer structure. In this case, the arrays were held by poly dimethyl siloxane (PDMS). 

Comparisons are made between a single CNT array, a CNT array with layers of PDMS 

and a multilayer structure alternating CNTs and PDMS. The hysteresis of the stress-strain 
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curve was used to calculate the dissipative response. It was shown these structures exhibit 

energy absorption at least three times that of materials with similar densities. In addition, 

localized deformations existed within the individual layers of the structure, contributing 

to the improved performance of the structure. A brief discussion of electrical 

performance was given, including use of Bucky paper as a layer in the structure. 

Electrical conductivity across the thickness of the piece improved with little to no effect 

on the mechanical performance. Though the polymeric matrix is different, this study gave 

cause to the use of vertically aligned tubes within a matrix composite structure. This will 

be examined further in section 2.5.5. 

 
2.5.4 Variety of Nanotube Uses 
 

A variety of uses currently exist for the applications using nanotubes ranging from 

optical to electrical to structural composites. This study focuses on the structural 

capabilities of nanotubes within laminated composites. Pathak et al. [50] presented the 

effect of flat punch indentation tests on vertically aligned carbon nanotubes (VACNTs). 

Shorter, less entangled nanotubes were compared and thicker VACNT films. Tests 

showed a higher recovery response in the thicker nanotubes as opposed to the shorter 

tubes, which resulted in more permanent buckling. The flat indenter geometry gave a 

more accurate idea of the viscoelastic response and other mechanical properties requiring 

the area of the indenter. The tests back up prior research in that the taller CNT networks 

show a higher resilience due to an increased tortuosity and thereby, an increased density. 

Raney et al. [51] examined the dissipative effects of aligned CNTs under compressive 

loading. The study concluded the dissipative response is independent of the strain rate. 

However, the response was incredibly dependent on the loading history. In addition, the 
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research spoke on the orientation effects of the nanotube bundles. Perpendicular to the 

line of action of the force provided better strain recovery while parallel CNTs provided a 

greater initial dissipative response that was degraded over time and cyclical loading. A 

macroscale model was also presented for the general characteristics of the foams. Such 

alignment was being researched for the possible application of strength and resilience 

properties necessary for prevailing against an impact event. Including this material in a 

basic epoxy increased the loss factor (damping ration) in that system by 1400%. While 

interfacial slip tended to degrade strength and stiffness, it significantly enhanced the 

damping. Also noted is a large interfacial contact area providing high frictional energy 

dissipation. Additional thermal benefits are briefly mentioned. The final conclusions are 

the two possible reasons for increased mechanical damping: “(1) energy dissipation 

caused by interfacial sliding at the nanotube-polymer interface and (2) energy dissipation 

caused by interfacial stick-slip sliding at the nanotube-nanotube interface” [52]. Finally, a 

work from Shin et al. [53] addressed the known, outstanding electrical properties of 

nanotubes but in the forest form. An important advantage pointed out was the 

interconnected network of the nanotube forests, permitting conductivity in all directions. 

The composites in this case were composed of multi-wall nanotubes and a polyurethane 

polymer. In addition to electrical conductivity tests, mechanical tensile and compressive 

tests were performed. Including nanotube forests in the composite greatly enhanced the 

electrical conductivity in all directions while displaying a slight improvement in peak 

stress capacity.  

Within the last decade, a large collection of works has examined the function and 

response of various amounts of nanotubes in a plethora of composites layups. In addition, 
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previous uses to be discussed in depth are the ballistic (high velocity) and low velocity 

impact response. 

 
2.5.5 Incorporation of Nanotubes in Laminates 
 

The idea of incorporating carbon nanotubes into composite laminates is not new. 

Ci et al. [54] examined what was described as “continuously aligned nanotube reinforced 

polymer composites”. These composite pieces utilized vertically aligned nanotubes to 

bolster the longitudinal strength of the composite. A dramatic increase was experienced, 

especially in the longitudinal modulus and damping.  

“This is because the polymer chains around the nanotubes in the 
composites strongly influence and make buckling far more difficult. This 
“confining effect” can, as a result, give rise to the extraordinary enhanced 
longitudinal modulus and strength for the nanotube composites by taking 
full advantage of continuous nanotube reinforcement.” 

 
Such a profound increase in the strength of the composite as a result of the additon of 

nanotubes provides cause for further examination of the improvements available and 

possible. Ashrafi et al. [55] discussed the use of single-wall carbon nanotubes to enhance 

the properties of a composite laminate. The study used 0.1% by weight (also wt.%) 

SWCNTs in the epoxy matrix to run tests on fracture toughness, Mode I and Mode II 

failure. The goal was to develop multifunctional multiscale laminate composites pending 

the results of the study. The use of SWCNTs showed a “5% reduction in impact damage 

area, a 3.5% increase in compression-after-impact strength, 13% increase in Mode I 

fracture toughness, and 28% increase in Mode II interlaminar fracture toughness.” These 

results were compared with neat epoxy for the fracture toughness and carbon fiber 

coupons without nanotubes incorporated in the epoxy infused using the VARTM 

technique. The marked improvements in all areas studied suggested SWCNTs would be 
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more useful in similar loading scenarios from literature results in which only MWCNT-

modified composites were examined.  

Abot et al. [56], [57] examined multi-wall carbon nanotube structures inside of 

laminates in an effort to increase inter-laminar properties and mitigate delaminations. 

These two works showed an advantage of shorter nanotube lengths inside of laminates. 

The standard application for laminates does not experience large out-of-plane 

compressive loading. However, it was shown there are positive contributions from 

nanotubes in a laminated structure undergoing compression loading, thus validating the 

intentions of the work. Though delaminations could supply an energy dissipation 

mechanicsm, eliminating them could prove beneficial if the nanotubes were able absorb 

the energy otherwise left to fracturing bonds between fibers and the resin matrix.  

A notable difference from Abot et al. would be employing vertically aligned 

nanotubes in the direction of the impact. Zeng et al. [58] studied the results of combining 

carbon fiber laminates with the aforementioned vertically aligned carbon nanotubes to 

create a high performance composite, utilizing the properties of both materials. Using a 

vacuum-assisted resin transfer mold (VARTM), the researchers created these laminates 

by placing a layer of VACNT in between two carbon fiber layers. The resulting laminate 

showed improvements in the flexural rigidity and damping, two huge factors in impact 

loads. This laminate also displayed a resistance to delamination failure, as seen in the 

Abot et al. studies. “In comparison to brittle fracture surfaces in neat epoxy, [reveals that] 

the VACNTs can considerably improve the fracture toughness of epoxy by dissipating 

much energy during fracturing.” An expressed goal moving forward spoke of finding an 

optimal design in order to take full advantage of each material’s properties.  
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“Hence, we can clearly understand that the continuous CFs and the 
VACNTs play totally different roles in the mechanical reinforcement; the 
former mainly dominates the load-bearing in the in-plane direction, while 
the latter effectively anchors the two CF/Ep [oxy] layers in the z-direction 
and significantly improves the shear-deformation resistance”.  

 
This study serves as a confirmation of the idea to include nanotubes in a laminated 

composite, prior to knowledge of the paper’s existence. Laminates with nanotubes can 

also be manufactured using other methods as previously discussed, but with more lamina 

to test the functionality of the composite. Garcia et al. [59] explored the joining of 

prepreg carbon fiber composites using vertically aligned carbon nanotubes as an 

interlayer of the structure. The resulting composites were tested for Mode I and Mode II 

failure. Mode I fracture consisted of a double cantilever beam test applied with a constant 

crosshead speed while Mode II fracture was examined using four-point bending tests with 

end notched flexure specimens. The methods in which the nanotubes are applied to the 

carbon fiber layers permitted them to act as “interlaminar nanostitches”. Tests showed 

approximately a 1.5 – 2.5x increase in Mode I failure and a 3x increase in Mode II 

failure. The authors also mention more refined manufacturing method and measurement 

techniques would aid in addressing the true molecular properties and phenomena at work.  

In a similar study, Wardle et al. [60] presented a study on growing nanotubes on 

alumina fibers. There were significant improvements to the interlaminar shear strength 

and electrical conductivity. The chemical vapor deposition process used is similar to the 

method used in the present research. A noted difference is the fibers were treated prior to 

the CVD process with a solution of Fe (NO3)3 H2O. Hydrogen gas was introduced over 

the dried fibers in the quartz furnace tube for two minutes in order to reduce the catalyst 

for growth. Ethylene then passed over the fibers for anywhere from 30 seconds to five 
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minutes to produce the nanotubes on the alumina fibers. Issues of poor dispersion and 

agglomeration are less prevalent, because the CNTs were grown on the fibers rather than 

being dispersed in an epoxy matrix. Other works show a strong capillary effect of the 

nanotube forests. This is something to investigate further in future studies. There was a 

measured 69% increase in the interlaminar shear strength when comparing a CNT hybrid 

alumina composite with one absent of carbon nanotubes. A conclusion of this work is 

carbon fiber versions of these laminates “are achievable and can have significantly 

improved ‘nano-engineered’ laminate properties if aligned CNTs are grown in situ on the 

fibers”.  Additional works discuss efforts to fabricate aligned nanotube-polymer 

composites and characterize their response [61]–[66]. Through these methods, with a 

focus on use of the VARTM manufacturing technique, it is plausible to manufacture such 

laminates including vertically aligned nanotubes in order to test the contribution or 

detraction from the response to the pertinent impact applications. 

 
2.5.6 Previous Use in Ballistic Response 
 
 Before it would ever be possible to redesign body armor, there would need to be 

numerical and experimental testing to determine the validity of including this material in 

a composite armor. Mylvaganam and Zhang [67] studied the energy absorption capacity 

of carbon nanotubes under ballistic impact. The results from this paper set the base for 

the researcher’s study published in 2007 regarding the ballistic resistance capacity of 

carbon nanotubes. Initial tests examined the variation in impact height on the various 

CNT radii. These tests were completed at the nanoscale, which brings about the question 

of scaling upward. The tubes generally performed better when both ends were fixed, as 

opposed to having only one end as such. The increase in the impact height from the fixed 
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surface improved the enduring speed while decreasing the absorption efficiency for a 

single fixed end. On the other hand, with both ends fixed, the middle experienced the 

maximum absorption energy for the ballistic impact. The second study from Mylvaganam 

and Zhang [68] looked specifically at properties on the individual nanotube basis to 

obtain their numerical results. The nanotube is fixed at both ends and impacted at an 

approximate height of 0.5h, where h is the total height of the tube. Conclusions drawn 

from this study corroborated the belief from the earlier work that carbon nanotubes could 

be used as a part of a greater protection device. Larger radii resulted in a greater damping 

response to a ballistic impact. These tests were conducted computationally at the 

nanoscale. Naturally, the first question is whether or not the results can be expanded to a 

macro scale scenario. Zhang estimated the performance on larger scale to require six 

layers of woven nanotube yarn to be sufficient enough to theoretically withstand the 

energy from the impact equating to a thickness of 600 µm.  

Morka and Jackowska [69] performed a numerical study on the ballistic resistance 

of carbon nanotube carbon fiber reinforced composites. This work considered a steel core 

projectile impacting randomly dispersed CNTs reinforcing carbon fiber laminates with 

varied weight percentage concentrations of the carbon nanotubes. The best performance 

case CNT9, where the composition consisted of 4% by weight of CNTs, which decreased 

the penetration depth by 35%. Such a weight percentage may be near the threshold of a 

physical system due to agglomeration of CNTs at higher weight percentages. 

Nevertheless, there were broad-spectrum improvements in strength properties over all 

concentrations and distributions of the carbon nanotubes in given test scenarios. The 

authors acknowledged this finite-element method solution was preliminary work to serve 
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as a base for growth in optimizing the polymer matrix composition towards a useable 

solution to the problem. They also pointed out the desire to develop a full three-

dimensional model, including random distributions of the carbon nanotube fibers across 

the matrix. Although the results are groundwork for the larger solution, the numerical 

approach provides further reasoning to attempt to utilize CNTs for impact mitigation. 

Grujicic et al. [70] published a study with colleagues from Pennsylvania State University 

and the Survivability Materials Branch of the Army Research Lab regarding the use of 

MWCNTs in a reinforcing role inside of poly-vinyl-ester-epoxy (PVEE) matrix 

composites. Two compositions were compared: a hybrid of MWCNT-doped PVEE 

composite layers sandwiched between non-doped PVEE layers and a monolithic PVEE 

and E-glass composite doped with small amounts of the MWCNTs. Following 

explanation of the mathematical validation of the model and results, the authors delivered 

findings where some interesting points are brought to light. The V50, the velocity at which 

the probability of penetration is 50%, is slightly improved by around 6%. This result was 

expected as the “acoustical impedances (defined as a product of the material density and 

the speed of sound) are almost identical” over the tested laminates. They went on to say 

these CNTs could be expected to make a significant contribution to the improvement in 

the ballistic protection performance of such a composite. Veedu et al. [71] published a 

study that showed great improvement in the matrix properties using MWCNT forests 

aligned normal to the face of the laminates as opposed to including the nanotubes 

dispersed within the matrix. Such improvements in the mechanical properties were 

accomplished without deteriorating the in-plane properties as well as alleviating the issue 

of agglomeration highlighted during dispersed CNT resin infusion, further validating the 
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application for use within a composite structure. A study from Venkatanrayanan and 

Stanley [72] looked at the effect of including multi-walled carbon nanotubes into 6-layer 

fiber reinforced polymer composite. Multiple concentrations were considered along with 

compositions using alternate resin compositions, not including carbon nanotubes. A 36 g 

mass was used to impact the composites for the testing. The MWCNTs aided the 

composites providing a higher tendency to absorb impact shock, while the compositions 

without had less shock absorption potential. The higher percentage MWCNT 

composition did not match the properties of the 0.1% panel, which showed the highest 

increase in damping ratio and damping time. The experienced impact damage was shown 

to be much higher in the epoxy as opposed to the nano-composite panel. The authors 

attribute these results to the entangled structure of the MWCNTs in the resin mixture. 

The two preceding works include two important considerations moving forward. First, 

the research into the nanotubes-for-ballistic-protection realm is very real and ongoing. 

Second, the idea to include multi-walled carbon nanotubes into a laminated composite is 

not new. It is rather a method to further consider in a layered, multi-material system to 

limit impact damage. 

 
2.5.7 Previous Use in Low Velocity Impact Response 
 
 Not all impact can be described as a ballistic impact. For example, dropping a 

wrench on the wing of a composite airplane is definitely an impact, but not ballistic. It is 

important to consider the use of nanotube in impacts less aggressive as a slightly 

alternative application within reach for this study. Many of the same principles can be 

included such as the placement in the laminate and types of materials included in the 

composite in order to validate the incorporation of CNTs. An extended abstract from 
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Thevamaran et al. [73] discussed a set of small-scale impact tests on VACNT arrays. 

Measurements of the tube-to-tube spacing followed by the impact tests helped to 

characterize the response in slight variations in the construction of the arrays. The stress 

versus time and stress versus strain plots were presented to compare the response given 

different gap spacing. The smaller to no gap spacing displayed an ordered deformation, 

not a random buckling as seen in prior work. The response mimicked that of "bulk 

VACNTs foams under quasistatic compression.” Kostopoulos et al. [74] discussed the 

impact and post-impact properties of a carbon fiber composite reinforced with mulit-

walled carbon nanotubes. Previous research determined a range of 0.1-wt% to 1 wt% as 

an acceptable range for the nanotubes dispersed in the resin; the authors chose to use 0.5-

wt% concentrations in this study. Greater concentrations lead to degrading properties of 

the matrix, thus degrading the strength of the part. The resin doped with the multi-wall 

carbon nanotubes (MWCNTs) was infused into a 16 layer unidirectional collection of 

carbon fiber fabric vacuum bagged under a pressure of 10bar. The doped laminates were 

tested against neat (non-CNT doped) samples with a drop tower. In addition, the results 

were viewed using the non-destructive C-scan technique and tested for compression after 

impact (CAI). Although the tests were low velocity impacts, the reinforcing properties of 

the MWCNTs manifest at the higher energy levels still underneath the umbrella of low 

velocity impacts. Advances are also visible in the strength after impact and compressive 

modulus after impact. Kostopoulos et al. attributed the improvements to the “extensive 

fibre pull-out and fibre breakage of the CNTs during compression loading”.  In 2012, 

Tehrani et al. [75] discussed their work on impact damage assessment and mechanical 

characterization of carbon fiber reinforced composites with carbon nanotube doped 
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epoxy. The authors initiated the idea of using the multi-wall carbon nanotubes 

(MWCNTs) in the resin to act as a damper to the system. This improved the otherwise 

poor through-thickness properties of the carbon fiber composite. Doped samples were 

compared to samples without MWCNT reinforcement. The tests run included basic 

tensile tests, Quasi-static punch tests and dynamic mechanical analysis (DMA) to 

measure the damping of each composite. As expected, the properties improved “inter- 

and intra-laminar mechanical performance yielding a better impact resistance.” These 

improvements in the through-thickness had little to no effect on the tensile modulus and 

strength. An interesting note the authors made was the difference in stiffness between the 

carbon fibers and the epoxy with the MWCNTs creates crack initiation zones where 

fractures are likely to propagate from. Finally, Daraio et al. [76] assessed the response of 

“foamlike forests of coiled carbon nanotubes under high strain rate deformation using a 

simple drop-ball test.” The results indicated a nonlinear response due to increased elastic 

stiffness that suggests nanotubes could be useful for impact protection. However, 

repeated impacts push the material towards brittle fracture through a process comparable 

in nature to preconditioning of the sample. The detected piezo pulse with nanotubes 

present was significantly reduced. Similarly, the present study utilizes a piezo impact 

force sensor to determine the perceived impact force on the laminate. These results show 

promise for use in “micro-/nanoelectromechanical systems and actuators as well as 

coating for protection systems” [76]. The aforesaid work serves as the confirmation of 

using the nanotubes forests instead of loose nanotubes infused in the resin and serves as 

the cornerstone for this study. 
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2.6 Results of Literature Review 
 

All of the materials discussed possess different properties that could ideally be 

combined into a hierarchical structure to provide the best possible impact response. This 

includes limiting penetration of the structure and spreading the damage from the impact 

over a larger area. In order to properly take a step forward, as previously discussed, it is 

necessary to scale back from full scale ballistic testing to low velocity drop tower testing. 

Manufacturing with the purpose of replicable test samples on a scale for drop tower is 

more feasible than the size necessary for standard ballistic tests such as the UL 752 

standard for bullet-resisting equipment [77]. It is in the low velocity tests that this 

research will attempt to determine if any improvement is available using carbon 

nanotubes, aluminum, and/or low-density polyethylene (LDPE) within the laminated 

carbon fiber structure. Important considerations include the shape of the impactor (see 

e.g. [78]) and how a non-penetrating impact will behave under such loading 

circumstances (see e.g. [79]). Earlier work from Jackson and Poe [80], Zhou [81], and 

Lagace et al. [82] defined the use of force as the guiding parameter when analyzing 

impact damage. The alternative examines impact damage through an energy-based 

approach (see e.g. [83]). These are of great importance as the experimental capability of 

the laboratory drop tower measures perceived impact force using a piezoelectric sensor 

with force plate addition. Considerations and adaptations are made to the established 

methods, especially those relating to the ASTM standard for measuring impact 

performance, without subjecting the experimental results to questions directed at such 

changes. Further alterations will be discussed at length in the following chapter. Davies et 

al. [84] examined thick glass/polyester laminates subjected to low velocity impacts in a 



 
 

43 

guided drop test rig. The setup is similar to the experimental setup in this investigation. 

Testing employed a second impact prevention mechanism to avoid further damage to the 

laminate, unavailable for the experimental study, which, in addition to alterations made to 

replicate the ASTM standard, is discussed with the results. After drop tests are 

performed, Davies conducted ultrasonic c-scan analysis and compression after impact 

(CAI) tests. This path follows the typical analysis of laminates from impact to CAI 

testing, which could be a possible avenue for future endeavors. Force and absorbed 

energy versus time and impact force versus incident kinetic energy (IKE) plots were 

provided for "thin" and "thick" laminates. Damage in residual compressive strength tests 

was shown to propagate from delamination zones but is supremely dominated by 

compression of the laminas. Finite element modeling was also discussed, but the models 

only accounted for linear elastic behavior. This is a consideration utilized during the 

modeling portion of this study.  For the approach provided in Chapter Four, a finite 

element model is developed using commercial software to compare with experimental 

testing using similar assumptions. These two methods, experimental testing and 

computational modeling, in addition to correlations to prior research, will unite to form 

the scientific contribution of this investigation. 
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CHAPTER THREE 
 

Material Synthesis, Laminate Fabrication and Materials Testing 
 
 

3.1 Carbon Nanotube Manufacturing 
 

3.1.1 Synthesis Methodology 
 

The carbon nanotubes  manufactured  for  this  work  are  vertically  aligned  and 

multi-walled and  use  a  continuous  vapor  deposition  process  similar  to  that  of  previous 

studies [40],  [46],  [49]–[51],  [73],  [76]. Figure  3.1 shows  examples  of  both  vertically 

aligned and loose bundles of nanotubes synthesized in-house. The forests, as they’re also 

referred to in Daraio et al. [76], show a higher order structure on the individual nanotube 

length scale as demonstrated in Figure 3.1b. 

 

  

Figure 3.1 – (a) Scanning Electron Microscope (SEM) Images of Nanotubes and (b) 
Vertically Aligned Nanotubes Synthesized On Substrate 
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In order to produce the nanotubes for this research, the chemical vapor deposition 

(CVD)  method  of  synthesis  is  undertaken  similar  to  that  discussed  in  prior  works [40], 

[46], [49]–[51], and shown schematically in Figure 3.2.  

 

 

Figure 3.2 – Synthesis Diagram 

 
Figure  3.2 shows  a  schematic  diagram  of  the  CVD  setup.  This CVD process 

utilizes  a  solution  of  ferrocene  and  toluene  in  a  pure  argon  environment within  an 

elevated  thermal  environment to  produce MWCNTs.  The  solution  is  formed  by 

dissolving 2.1 of ferrocene powder within 100 milliliters of toluene liquid. It is important 

to note ferrocene has limited solubility, resulting in precipitates of ferrocene remaining in 

the  mixing  beaker as seen  in Figure  3.3. This  precursor  solution  pyrolyzes  within  the 

furnace’s  one  stage  heating  zone  to  release  the  Fe  atoms  to  act  as  the  catalyst  for  the 

reaction  while  the  toluene  provides  carbon  source  to  synthesize nanotubes [40],  [46], 

[49]–[51]. Pyrolysis is the thermal decomposition of organic materials in the absence of 

oxygen, which is paramount in the formation of CNTs using the CVD system [85]. The 

floating catalyst method deposits catalyst atoms atop the metal lattice. Shortly thereafter, 

the  toluene  breaks  down  into  a  variety  of  smaller  carbon  compounds,  coating  the 

nanoparticles.  Growth  is  initiated  by  the  appropriate  quantity  and  species  of  carbon 

impinging  upon  the  catalyst  particles.  The  variation  of  organic  chemistry  compounds 
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within the chamber present an added complexity, in addition to the temperature gradient 

within the furnace that cannot be accounted for during the synthesis process. (Controlling 

the deposits using regions of silicon and oxidized silicon permit the formation of 

patterned arrays of CNTs with more sophisticated setups.) A vapor-phase approach such 

as this produces lower purity structures than fixed catalyst methods, but resemble systems 

that could be expanded for industrial/large-scale manufacturing [40].  

 

 

Figure 3.3 – Ferrocene and Toluene Solution after Mixing. (Note the Small Amount of 
Ferrocene Solid Indicated by the Arrow along the Bottom of the Beaker) 
 
 

Following proficient mixing, the solution is then transferred to two glass syringes, 

each of 50 milliliters. Prior efforts of synthesis [40], [46], [49]–[51] utilized a single 

syringe that was manually operated, limiting the both the thickness and uniformity of the 

resulting synthesis growth. Before the transfer, the edge of the plunger and wide end of 

the syringe are greased to prevent the solution from leaking back as the pump advances 

the plunger. Greasing also eliminates resistance, allowing for a smooth continuous pump 

at slow flow rates. An NE-4000 Programmable 2 Channel Syringe Pump, seen in Figure 
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3.4b is used to pump both syringes at a prescribed flow rate. For the particular pump 

model utilized in this research the digital display assumed a single syringe, thus when 

0.50 mL/min was entered the total flow rate from the two syringes was 1.0 mL/min.  

 

 

 
Figure 3.4 – (a) Carbolite Horizontal Split Tube (HST) 12/200 furnace and (b) the NE-
4000 Programmable 2 Channel Syringe Pump Utilized in the Research  
 
 

It is necessary to maintain an oxygen-free environment within the reaction 

chamber since oxygen would allow a combustion reaction, which would inhibit the 

nanotube formations (see e.g., [86]). In the present research we use a high purity argon 

gas to carry the toluene/ferrocene solution [40].  

 

 

Figure 3.5 – Luer Locks That Connect Syringes to Tubing 
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The Luer locks shown in Figure 3.5 are placed between the syringe pump and 

connecting tubes to prevent leakage at the syringe tip when connecting to the remainder 

of the flow system. Stainless steel tubing connects the Argon mass flow controller and 

two syringes at a cross joint that leads to the reaction space. A clear silicon tube connects 

the cross joint to the quartz tube. The quartz tube, depicted in Figure 3.6, composes the 

reaction space and is located within the furnace. The clear silicon tubing connecting the 

syringes to the tube provides assurance no build up occurs in the flow system and that a 

smooth flow is present, rather than buildup and dumping of solution, at the entrance just 

prior to the quartz reaction chamber. The quartz tubes are placed in a Carbolite HST 

12/200 tube furnace with temperature control unit providing a space for the reaction. In 

the early stages of this research we were able to use the custom quartz tubes shown in 

Figure 3.6 from the Daraio lab group after they completed their work (see e.g., [40]).  

 

 

Figure 3.6 – Custom Quartz Tubes 

 
The furnace is set to 1,100 K (827°C) during the course of the synthesis process 

and is allowed sufficient time (usually 20 minutes) to stabilize at the elevated temperature 

prior to the synthesis process. Without a substrate for the process to take place on, all 

growth would take place on the interior surface of the tube as can be observed by the dark 

gray region in Figure 3.6. A single crystalline silicon substrate placed within the furnace 

as was done in Raney et al. [46] to provide a surface for growth to initiate on. This 
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provides a flat surface that can be easily removed and characterized upon the completion 

of the synthesis. A diamond tipped etcher is used to scribe the substrate into the size and 

shapes desired. For all of the samples generated in this thesis the silicon substrate is 

sectioned as depicted in Figure 3.7a by cutting the circular substrate in half.  The half 

circles are then cut into three pieces, one rectangular in shape and 2-quarter circles as 

observed in Figure 3.7b. These three pieces are the substrates used in a single synthesis 

run. The rectangular shape is placed into the quartz tube first and will be closest to the 

flow inlet.  It is then followed by each of the quarter circles, with the point of the quarter 

circle facing upstream into the flow. The selection of the order and direction of the 

individual pieces is arbitrary, but allows consistency of the process and repeatable 

depositions on the individual sections as the deposition rate is a function of location 

within the CVD chamber (see e.g. [40]). The second half of the silicon substrate is left 

over and can be used in a subsequent synthesis run. While the above mentioned steps are 

used every time to develop the three substrate pieces, the manual cutting process does not 

allow tight control upon the dimensionality of the individual silicon sections. If this were 

to occur, two options are considered; either discard the individual pieces and cut a more 

appropriate sized set of substrates from another silicon wafer, or use the scribe to cut 

small sections off of the large substrate piece to allow the part to be placed within the 

furnace tube. Regardless of size, there is still growth present on the interior of the tube, 

but it was not studied to determine the effect of the part size for the substrate upon the 

uniformity and repeatability of the produced forest. Portions used for this study are 

synthesized on the substrate, but significant, gnarly growth can be seen in Figure 3.8. 
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However,  these  formations  are  of  lower  quality  than  those  upon  substrates,  so  they  are 

burned off during the cleaning process discussed in section 3.1.3. 

 

 

Figure 3.7 – Substrate breakdown: (a) Part One & (b) Part Two 

 

 

Figure 3.8 – Post Synthesis inside Furnace Tube Viewed From Exit of Tube 

 
Once the syringe pump is initiated, no input from the user is necessary until the 

end of the process. Upon completion, the furnace is shut off and allowed to cool over a 2-

hour  period.  During  the  cool  down,  argon  continues  to  flow  within  the  chamber  to 

prevent any buildup of oxygen within the system. This prevents oxygen from initiating a 
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combustion reaction that will decompose the carbon structures at the high temperatures. 

Once  the  temperature  drops  well  below  400°C  within  the  furnace,  as  shown  by  the 

temperature controller, the argon mass flow controller can be shut off. The entire process, 

from start to finish, takes approximately 4 hours, during two hours of which the furnace 

is in operation and heating.  

 

 

Figure 3.9 – Complete Synthesis Setup underneath Fume Hood 

 

 

Figure 3.10 – SEM Imaging of Nanotube Samples 
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Figure 3.10 provides an increase in magnification down to what is believe to be a 

single grouping of tubes at 100,000x. The high magnification shows what is believed to 

be a leftover catalyst particle leading the researcher, in conjunction with the use of a 

method proven to produce CNTs, to believe nanotubes are in fact produced. As can be 

noted in the figure, there is a macroscopic aligned structure as noted in the 500x image. 

As the magnification increases on a select point, the nanostructure becomes visible. 

Individual MWNTs become visible at 15,000x and their general trend of alignment is 

maintained, but without the near perfect alignment that seems to appear within the 

macrostructure. Under full magnification of 100,000x the individual tubes are quite 

visible along with small catalyst particles residing within the tube. This also contributes 

to established knowledge of samples with high alignment, by providing evidence of that 

within the structure. This is the final confirmation of the developed samples being 

nanotubes, in addition to the corroboration of prior literature and inherited technologies 

to produce samples.  

 
3.1.2 Laboratory Safety 
 

There are a couple of exposure levels to be discussed with any level of nanotube 

production; the danger due to chemical exposure and the danger due to nanotubes 

themselves (see e.g., [87]–[89]).  Chemical exposure should be limited in accordance 

with the risks outlined in the material safety data sheet (MSDS) provided with the 

chemicals. Many of the chemicals used in the CVD process have known respiratory 

health risks (see e.g., [90], [91])as do the nanotubes themselves (see e.g., [88]). In this 

study, ferrocene (C10H10Fe) and toluene (C7H8) present the greatest risk of respiratory 

poisoning. Documented possible long term effects of exposure include lung cancer and 
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further respiratory system damage, as nanotubes resemble the structure of asbestos. In 

light of this, extensive work has been done in laboratory settings to determine the 

toxicity, internal and external to the laboratory, of nanotube production [87]–[89]. These 

works, especially Occupational Exposure to Carbon Nanotubes and Nanofibers from the 

Centers for Disease Control (CDC), provide encompassing results to determine the 

proper exposure limits and controls to ensure safety throughout the process. A majority of 

their investigation examined the abundance of testing on laboratory animals, noting long-

term inhalation studies of CNT doses comparable to potential exposure amounts are 

necessary. They concluded without data to support the alternative, CNTs should be 

considered an occupational respiratory hazard.  In addition, the concentrations outlined in 

the MSDS sheets for the known health risks are higher than that one would be exposed to 

within an open laboratory environment [90], [91]. Regardless, within the laboratory we 

exercise an overabundance of caution and all of the work in this study was completed 

within the confines of a laboratory fume hood and with chemical resistant clothing and 

gloves along with respiratory safety precautions to ensure no accidental exposure, 

limiting the possibility of developing any of the documented long-term chemical effects 

or even minor, short-term exposure issues. It is important to again highlight the 

difference between the process and means for nanotube storage utilized throughout this 

work and those from processes with known airborne susceptibility. The silicon substrate 

holds the nanotubes in a solid form that is much safer to move than loose nanotubes that 

can be released without contact from the researcher, presenting the greatest risk.   

Handling of all chemicals and nanotubes throughout the work is performed with 

laboratory grade, chemical resistant gloves to prevent skin contact. This is in addition to 
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the required close-toed shoes, pants, lab coat and eyewear necessary through the chemical 

process in accordance with generalized good laboratory safety practices.  

 
3.1.3 Cleaning of the Quartz Tubes 
 

As noted in Figure 3.8, there is significant buildup of nanotubes on the inner 

surface of the quartz tubes warranting regular cleaning of the quartz tubes. Acetone 

(C3H6O) is used to rinse out the furnace tube and clear out any dried ferrocene/toluene. A 

tube brush is then used to scrape at and loosen large, protruding pieces. The furnace is 

heated to the synthesis temperature of 1,100 K (827°C) and the front end of the tube is 

placed in the furnace to burn off the leftover nanotubes. The tube should go from a 

black/grayish color to a distinct orange, rustic hue. As the quartz tube is larger than the 

furnace itself and the CNTs may deposit over the whole tube, care must be taken to 

insure that each region of the quartz tube has the opportunity to come to the elevated 

temperature. The furnace is then turned off and the tube is allowed to cool down with the 

furnace. This cool down typically requires an hour. Once the quartz tube is near room 

temperature hydrochloric acid (HCl) is poured into the tube. (For the given tasks, the HCl 

used is 36% in aqueous solution.) The HCl solution is allowed to dissolve the remaining 

carbon deposits from the inside surface of the furnace tube for several minutes, during 

which time the tube is continuously rotated by hand to expose all inner surfaces to the 

acid. The HCl with the suspended CNTs is then poured out into a waste container, and 

disposed of in accordance with the disposal regulations. The acid cleaning is repeated 

twice for a total of three acid rinses. The quartz tube is then rinsed with cold water 

several times to rinse out any remaining acid. Using soap, hot water and cleaning brush, 

the tube is cleaned to eliminate any remaining particulates that were removed by the acid 
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treatment but did not flush out with the rinse. It is important to note this cleaning brush is 

different from the acid brush mentioned earlier to avoid any cross contamination. The 

soap and hot water rinse is repeated twice for a total of three soap and water rinses. It is 

necessary to ensure all of the soapsuds have been cleaned out. Finally, the entire inside of 

the tube is rinsed on all interior surfaces with acetone. Similar to the acid rinse, the tube 

is rotated to expose all surfaces. For large quantities, the acetone can be poured over into 

a disposal container. Otherwise, the acetone can be allowed to evaporate.  

 
3.1.4 Synthesis Steps 
 
 For continuity, it is assumed the furnace tube has been cleaned, but the syringes 

have not. The first step, then, is to wash the syringes using soap and water to remove any 

ferrocene/toluene particulates. The syringe body and plunger are separated to provide as 

much access as possible to clean the surfaces exposed to chemicals. Following liberal 

rinsing with water to remove any soapsuds, the components are rinsed with acetone to 

remove any residual water. As with the furnace tubes, any excess water in the syringes 

could provide an oxygen source that will inhibit the synthesis of the reaction. The pieces 

are finally rinsed using toluene and allowed to air dry. At this point, the researcher turns 

on the furnace to start the heating up process. A furnace tube is placed in the furnace, 

with the tip in the center. This is to burn out any remaining particulates following 

cleaning. Using a chemical spoon and proper respiratory protection, 2.1 grams of 

ferrocene power is measured out in a disposable chemical tray placed in a Mettler Toledo 

AG104 Precision Balance with a precision of 0.1 mg. This is to maintain the 

stoichiometric ratio of 0.02 grams of ferrocene per milliliter of toluene. It is helpful to 

zero the scale after placing the tray on the balance to prevent improper recording of 
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measured values. Once the balance settles on a value within the range, the tray is 

removed from the balance with its contents poured into the mixing beaker within the 

confines of the chemical fume hood. Toluene is poured from the stock bottle into a 

beaker followed by a graduated cylinder via a funnel to at least 50 milliliters, but 

typically no more than 55 milliliters to maintain the balance for the upcoming synthesis 

reaction. The process of measuring out the toluene is completed twice to obtain enough 

volume for the two syringes. Each graduated cylinder is emptied into the mixing beaker 

to obtain just over 100 milliliters of toluene combining in solution with the ferrocene. At 

this moment, the two chemicals are combined in the beaker to result in the 

ferrocene/toluene solution. A swirling motion while the beaker still in contact with the 

surface inside the fume hood, eliminating chemical splash and slosh, best dissolves the 

ferrocene in the toluene safely. However, the solubility of ferrocene in tolunene at 

approximately 95% will leave deposits of the remaining 5% of ferrocene at the bottom of 

the beaker. These can be removed from the bottom of the beaker following the solution’s 

transfer to the syringes. Prior to this transfer, the ends of each plunger are covered with a 

slight amount of Dow Corning® high vacuum grease. This prevents solution from 

leaking out when the plunger is pressed further into the syringe body. Once each end has 

been greased, the plunger is depressed into the syringe to coat the inner radius of the 

syringe and determine whether the amount of grease is too light or too heavy. If too light, 

the plunger will glide freely in and out of the syringe while if too heavy; the plunger will 

stop and be very difficult to move. (There is a happy medium to obtain after a few trials 

and experience with the setup.) Next, the solution is transferred into the syringes. The 

easiest way found to perform this transfer is to hold the syringe body in the palm, using 
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the index finger to seal the Leur lock end. The solution is pored over, holding the syringe 

body vertical with the wide opening at the top. The bottom of the meniscus of the volume 

in the tube should be above 50-milliliter line. Then, the plunger is pressed into syringe 

body; an air bubble will form between the liquid and plunger. Carefully, and still within 

the confines of the fume hood, the syringe body and plunger are flipped to where the 

plunger is toward the floor. Air is expelled as the plunger moves further into the syringe 

body in order to only have the solution expelled during the reaction. The plunger is 

pressed in until a few drops of the liquid drips out. A paper towel is used to remove the 

liquid from the end of the syringe to avoid any locking issues with the connections to the 

system. This process is repeated for the other syringe, with all remaining solution in the 

beaker poured into final syringe. If the volume exceeds the acceptable amount, the excess 

can be disposed of in the toluene waste container. After completion of the transfer 

process, each syringe is placed and locked into place atop the syringe pump. At this point, 

the flow rate on the syringe pump is checked to be 0.5 milliliters per minute. With the 

programming within the pump, this will continually add the ferrocene/toluene solution to 

the system for 100 minutes, respectively. At this point, the furnace tube is moved to be at 

a center point within the furnace, the position for which the synthesis process will run. 

Furthermore, the furnace should be at the operational temperature of 827°C. The 

remaining effort prior to initiating synthesis is breaking the silicon wafer using the 

diamond scribe as previously described. The substrates are placed inside the tube using a 

long quartz rod. It is important to be sure the substrates are placed within the operational 

heating range of the furnace to not hinder the reaction in any way. The bubbler is 

attached to the end just before the process begins. No investigation into the use of the 
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bubbler was performed in addition to the testing herein. The argon mass flow controller is 

turned on via the ethernet cable connected to the computer. The operating pressure from 

the cylinder is set to 40 psi and the flow rate is set to 800 standard cubic centimeters per 

minute (sccm). Prior to initiating the syringe pump, argon flow is confirmed by 

submerging the three loose tube connections. One by one, the air is expelled from each of 

the three tubes by blocking off the other two and letting the argon flow through the one of 

current interest into the water. Then, each end is connected at the corresponding point to 

complete the setup. The last end connected is to the end of the furnace tube. The bubbler, 

filled with water, should be vigorously bubbling to indicate the argon is exiting at that 

end of the setup. For an additional check, soapy water can be placed over each of the 

stainless steel connections in order to see if any are loose. If one is loose, visible bubbling 

will occur at the point of interest, insinuating the connection needs tightening prior to 

beginning the synthesis. Pressing the “Start” button will initiate the approximately 2-hour 

synthesis process. After synthesis is complete, the syringe pump and furnace are shut off 

to bring the tube back to room temperature. The argon is permitted to flow until the 

furnace temperature has dropped below the 400°C threshold, after which the nanotube 

samples can be removed for further analysis. 

 
3.1.5 Process Upgrades from Previous Researchers 
 

The previous setup (and early iterations of this work’s system) provided 

significant cause for concern. Prior setups permitted buildup of solution in the flow 

system. Once enough of the solution amassed at one of the junctures, it would spill 

further down in the system eventually reaching the reaction chamber in the quartz tube. 

This led to an altered growth cycle, more consistent with the banded growth discussed in 
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[40], instead of a consistent and continuous flow. Incorporation of the syringe pump 

system helps to push the flow along, but can lead to this issue if the flow system is not in 

a continuously downhill flow. A new syringe pump and mass flow controller stand 

provides the much elevation to permit flow to the inlet of the furnace tube without 

buildup at the entrance. In addition, the stainless steel connectors seen in Figure 3.11 are 

changed and angles of connections are altered to ensure the solution is flowing downward 

at all times.  

 

 

Figure 3.11 – Stainless Steel Connectors Linking the Syringes and Mass Flow Controller 
with Slight Angle for Continuous Downward Flow 
 
 
 Substituting in new stainless steel tubing pieces ensures no bent or damaged 

stainless steel tubing or connections enabled other such issues relating to the equipment 

from modifying the flow. The angles are slight, but evidence of the continuous flow is 

visible in the aforementioned clear tubing just prior to the quartz reaction chamber. 

Additionally, as seen in Figure 3.6, the inherited furnace tubes are custom fabricated 

quartz. Altering the need for custom fabricated pieces would eliminate the lead-time 
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necessary for such parts to be made, packaged  and sent to backfill the stock in the lab. 

Instead,  a  move  towards  off-the-shelf  components  permits  quicker  refill  of  stock  in  the 

event of broken pieces. It allows for cheaper replication of the setup in future ventures.  

 

  

Figure 3.12 – Old (a) and New (b) Furnace Tube End Comparison 

 
In a move toward a completely off-the-shelf setup, the tube is made open on both 

ends. Figure 3.12 shows the new ends as compared with the old setup. It can be seen the 

open  ends  provides  access  to  both  ends  of  the  tubs,  as  opposed  to  the  inherited  tubes. 

Connections at the open ends are adapted from the previous setup in order to connect the 

quartz tube to the flexible hosing. While the connectors are of the catalogue nature, the 

attachment  to  the  quartz  tube  is  still  a  custom  fabricated  piece.  However,  the  custom 

fabricated end caps seen in Figure 3.12b were selected from a catalog in order to match 

sizes  to  the  end  caps.  This  is  the  first  iteration  attempting  to  step  away  from  a  fully 

custom fabricated setup. In future work, a discussion will be provided as to the possible 

directions in which the setup could be altered for a continually flowing setup with catalog 

components.  The  reason  for  moving  towards  this  type  of  setup  is  to  promote  further 

research  without  the  need  for  access  to  a  custom  quartz  fabricator  and/or  lead-time  to 

manufacture custom pieces to be able to produce vertically aligned nanotubes. 
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3.1.6 Substrate Removal 
 

Synthesis on a substrate introduces an added complexity. In order to test samples 

without concern for the mechanics of the substrate, samples must be removed from it. 

Two methods for removal of the CNT forests from the substrate were investigated; the 

use of a razor to cut off the samples and the use of hydrofluoric acid (HF) to encourage 

separation. To remove the desired sample with the razor from the substrate, the exacto 

knife is applied with precise, downward pressure to prevent preconditioning any of the 

samples. (This cannot be completely avoided however, because some tubes will be 

destroyed as a result of the size difference between the knife and nanotubes.) The knife-

edge is applied to the top of the nanotube sample, cutting down towards the surface of the 

substrate. Once the first cut is made, subsequent cuts are made to loosen the sample from 

the substrate, eventually completing the desired task. Figure 3.13 shows the progression 

from initial cuts and directions in (a) and (b) along with a sample following dissection 

and retraction from the substrate in (c). 

A similar approach is possible when a piece of the substrate is visible. This has 

been used after the first cut is made in an effort to release a larger sample from which to 

either test a sample of that size or dissect into smaller, more precise pieces. The knife-

edge is placed between the nanotubes and substrate surface, slowly pressing forward to 

cut the nanotubes from the substrate.  

Alternatively, Chai et al. [47] presented a sterolithography substrate removal 

method utilizing hydrofluoric acid. This method is aimed at producing larger samples for 

testing without the substrate. The described method requires placement of the nanotube 

substrate combination into an HF acid bath. The ratio of acid to water is 1:100 by weight 
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in order to limit the exposure to HF and control the dilution as noted by Chai et al. [47]. 

In efforts for this study, the best results came following introduction of the substrate at an 

angle to the bath. After a 5-minute period in the HF solution, the samples are placed in a 

deionized  (DI)  water  bath. Following  a  half-day  period  in  the  DI environment,  the 

samples are removed and dried. This process is shown in its entirety in Figure 3.14. 

 

 

Figure 3.13 – Substrate Removal Using Knife from (a) Side View and (b) Top View 
Showing Downward Direction Resulting in the (c) Final Sample  
 
 

Due  to  the  lightweight  samples,  the  surface  tension  of  the  solution  is  nearly 

sufficient to prevent any solution from being absorbed into the sample. Thus, care must 

be  taken  to  insure  the  sample  is  submerged  and  the  surface  tension  on  the  sample  is 

broken  (i.e.  introducing  the  sample  at  an  angle  to  the  acid  bath).  The  samples  seem  to 

back  up  this  hypothesis;  pieces  submerged  at  an  angle  completely  lost  the  substrate 

whereas  those  placed  atop  the  surface  had  no  “liftoff”  from  the  substrate.  While  a 



 
 

63 

concerted  effort  is made,  the  exacto  knife  method  is  chosen  as  the  best  method  in 

preparation of samples for further testing. 

 

 

Figure 3.14 – HF Sterolithography Process Adapted From Chai et al. [47] 

 
3.2 Experimental Results: Carbon Nanotube Forests 

 

3.2.1 Initial Growth 
 

In an effort to assess the performance of the synthesis setup, a few changes were 

made  to  pertinent  parameters  of  the  system.  First  is  the  prescribed  flow  rate  of  the 

ferrocene/toluene  solution.  Studies  varied  the  flow  rate  from  0.4  to  0.6  mL/min.  It  was 

discovered  the  higher  0.6  mL/min  flow  rate  led  to  a  higher  propensity  for  dumping  of 

solution, uneven thicknesses and a generally messy  growth  compared  to the other runs. 

Additionally,  the  0.5  mL/min  provide  an  increase  in  the  max  thickness  of  the  measure 

samples, up to a millimeter. It was during the early portion of synthesis runs that this was 

established and maintained for the samples tested for mechanical response. The flow rate 

of  0.4  mL/min  did  not  show  any  significant  changes  to  the  flow or  growth,  but  does 
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extend the synthesis time by 25 minutes. Further testing, to be discussed at length later, 

proved the nanotube forest densities were on the order of twice that of samples from 

Daraio et al. [76] and Raney et al. [46]. This difference is not only attributed to the flow 

rate, but also a lack of alternate gases, such as hydrogen, that had been shown to decrease 

the density of the nanotube forests in applications requiring such mechanics. Secondly, 

the system was adjusted in order to maximize the continuous flow of solution from the 

start at the tip of syringe to the entrance point just prior to the furnace. This continuity 

visually appeared to provide more uniform final growth, although it was not investigated 

at length since the mechanics of nanotube synthesis was not the heart of the work. It 

could be of interest when attempting to develop a continuous synthesis process. This brief 

investigation into flow rate changes only looked at changing the flow rate for all of the 

synthesis reaction. Later, altered flow rates will be highlighted to discuss banded layers 

within the structure.  

However, it cannot be said with complete certainty that they samples are 

nanotubes rather than nanowires or other possible formulations. No Raman spectroscopy 

[48] or further chemical analysis of the structure was performed to provide the final 

missing piece of confirming evidence. Regardless, the structures from this point forward 

are assumed to be vertically aligned, multi-walled carbon nanotubes. 

 
3.2.2 Nanotube Comparisons through Density Measurements 
 

In order to relate the present study to previous the density of the nanotube forests 

is chosen due to its availability in the literature. Small samples are cut from the substrate 

that typically have a uniform thickness. Once the cross sectional area is known the 

density can be calculated. The mass is measured using the same Mettler Toledo AG104 
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microbalance used for the ferrocene measurements during the synthesis process. It is 

important to note the mass quantities of the samples are small, typically on the order of 

milligrams, thus the resolution of the balance (0.1 mg) is critical when reporting the 

significant digits. A typical sample size was 5 mm x 5 mm with the height varying both 

as a function of the process and also the location of the substrate within the CVD 

chamber. The thickness is obtained using standard calipers and the cross sectional areas 

for the presented results are all obtained using optical measurements available within the 

Dino-Lite microscope software. Across the 35 samples measured via this method, the 

average measured bulk density is 0.54 ± 0.15 g/cm3. The factors previously discussed, 

location within the synthesis chamber and location on wafer, greatly contribute to this 

large variability. Previous literature [46], [51], [92] shows bulk density measurements on 

the order of 0.2 – 0.3 g/cm3. It is seen the forests from this work are almost twice as 

dense with several observed samples yielding a density three times that of that found in 

the literature. An increase in the bulk density may imply one or more of the following; 

the nanotube density has increased, decreasing the tube-to-tube spacing, or more catalyst 

particles are present. Further spectroscopy of the samples would provide a definite 

answer as to the chemical formulation of the forests, confirming or refuting the idea of 

more catalyst particles are present within the structures, but that is beyond the scope of 

the present study. Increased tube density means when the tubes are compressed in the 

vertical direction (normal to the top surface of the sample), limited space exists for the 

tubes to transversely displace, or buckle, within the forest. It is expected the area 

underneath the load/unload loop will shrink during a standard compression test. Increased 

tube density acts like a bed of nails; a greater density of nails distributes the weight of the 
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body better than a limited density of nails. Similarly, a greater density of nanotubes 

should withstand higher compressive loading or stressing. This is shown through uniaxial 

compressive testing in later sections. However, the limited spacing should diminish the 

accordion-like, restorative response seen in previous studies [40] under the same quasi-

static loading. 

 
3.2.2.1 Alternate CNT area measurement.  The important final change of note 

from the initial tests to the final tests is the measurement of sample area. As previously 

reviewed, practiced methods for measuring area utilized digital calipers for all 

dimensional measurements. Also observed were the issues of measuring irregular shapes 

and angles, even if the samples appear rectangular to the naked eye. To best address this, 

the Dino-Lite desktop camera and included computer software is used to measure the 

area of the samples for the third set of testing. Samples are placed under the lens and 

zoomed into the desired magnification. Without changing any settings, the sample is 

removed and replaced by a precision calibration slide from Dino-Lite. This slide is used 

to calibrate the measurement tool within the software. Following the on-screen 

instructions, the microscope is setup for measurements at the current magnification. At 

this point, the calibration slide is removed from microscope and replaced by the nanotube 

sample. Without changing the magnification, the camera is focused on the sample. Once 

the image is in focus, the image is saved. In order to take area measurement, the polygon-

tracing tool is used to trace the sample by clicking points along the edge. The area is 

calculated and displayed on the image as seen in Figure 3.15. The average area calculated 

by the microscope for the ten samples is 43.92 mm2 whereas the area calculated using 

caliper measurements is 49.99 mm2. This equates to a 12% average relative change in 
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area. The sample area used in calculations of stress for the final sets of compression tests 

is the microscope-measured area. Re-measuring initial test sample areas using this 

method is not plausible due to the destruction and possible permanent deformation of 

samples from the increased load of testing. For future endeavors, the ease and accuracy of 

desktop microscope measurements should be selected over the previously employed 

caliper measurements. 

 

 

Figure 3.15 – CNT Sample with Area Measured using Dino-Lite Desktop Microscope 
 
 
3.2.3 Compression Testing 
 
 

3.2.3.1 Purpose.  A quasi-static, single column compression test is selected in an 

effort to characterize the CNT’s produced during this study. The single column system 

provides data in the direction of compression/tension testing. This is advantageous for 

vertically aligned nanotubes, where the strength and benefit of the nanotube structure is 

arranged in that direction. An added feature of this test method to be discussed is the 

choice to record data during the unloading of the sample in addition to the initial loading. 

In doing so, it is possible to determine whether the samples experienced some failure or 
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recover completely back to the zero strain and zero stress state of the outset of the test. 

Samples that do not completely restore have permanent deformation that cannot be 

measured with the experimental setup to be discussed. An example curve is plotted in 

Figure 3.16 for reference. A complete restoration to the zero stress and strain condition is 

noted as well as a peak stress just below 30 MPa at 70% strain. The area within the 

bounds of the stress-strain curve will be qualitatively assessed with regards to the 

increased densities seen in this study as compared with previous editions noted 

throughout. The load and unload curves are noted in the figure. The effective modulus 

can be calculated by performing a regression analysis of the loading data. 

 
3.2.3.2 Experimental setup.  An Instron 3344 single column system is used for all 

compression testing of the nanotube samples. Figure 3.17 shows the Instron unit with a 

blow up of the compression fixture with a nanotube sample. The compression plates are 

custom fabricated aluminum cubes with proper attachment to the Instron system. An 

attempt was made to redesign these fixtures to best allow for varying thickness of uneven 

tested samples. This was to be done by allowing the surface of the top compression plate, 

where the load is applied, to rotate freely through a ball and socket joint to adjust the 

angle of the compression surface to align with the top surface of the nanotube sample. 

However, this endeavor did not provide significant alteration to data for such small 

physical sample sizes.  

A custom load and unload path is created using “System Profiler” within the 

BlueHill software that manages the Instron 3300 system using a 2000 N load cell with a 

resolution of 20 N ± 5% tolerance within the confines of the 3300 test frame. Each test 

uses an engineering strain rate of 0.01 1/s for compression and release. Each test takes 
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approximately 10 minutes to complete and the data is exported to a *.csv format that may 

be read using Excel. Using Equations 3.1 – 3.3, data analysis is performed to transform 

the load versus displacement data into a stress versus true strain data set to be plotted as 

in Figure  3.16.  The  crosshead  displacement  measures  the t-t0 term  in  Equation (3.2), 

which is then used to calculate the true strain in Equation 3.3.  

 

 

Figure 3.16 – Example CNT Compression Stress vs. Strain Plot of CNT Compression 

 

 

Figure 3.17 – Instron System with Blowup of Compressive Test Setup 
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σ =
F
A

 
(3.1) 

 

εegr =
t − t0

t0

 (3.2) 

 

ε true = ln εegr +1( ) (3.3) 

 
It is important to note F is the applied load, A is the measured cross-sectional area and t0 

is the measured initial thickness of the sample. True strain then is equivalent to the 

percentage of compressive strain, which composes the x-axis of all compression plots. 

The load cell is also balanced to 0 N just before the test. At the beginning of the test, a 

slow extension rate of 0.01 mm/s is used to place a 1 N load on each sample, which is 

held for 10 seconds to ensure complete contact between the sample and compressive 

plates. Then, the load is increased at the aforementioned strain rate to a peak load 

prescribed in the Test Profiler in order to achieve the compressive stress of 30 MPa seen 

in Misra et al. [49]. Since the sample areas are different, this peak load has to be 

calculated for each sample and altered before each test. A similar calculation is 

performed to determine the extension rate to maintain the 0.01 1/s engineering strain rate. 

It is a relatively short delay in the testing, but necessary to confirm a consistent peak 

stress and strain rate across all samples for comparison. Though prior works utilized a 

significantly smaller preload, (0.2 N) the higher preload is necessary for most samples in 

order to break down some of the entanglements atop the samples that would not 

necessarily provide the same response as the bulk network at higher strain percentages. 

Using the above equations, MATLAB processing is performed to make the calculations 

and develop the figures seen throughout for all compression tests.  
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3.2.3.3 Compression testing results.  For a comparison of early growth cycles, 

small samples are taken from synthesis runs to perform the outlined testing and analysis. 

The first analysis of a variety of samples showed considerable differences in compressive 

stress versus strain response. Samples were normalized by density in an effort to 

eliminate the large discrepancies between data sets. This proved to be futile as 

inconsistencies became more pronounced, speaking to variations in the synthesis method 

as the finer details of the process were being retooled. This initial wide variety is of 

considerable concern to the repeatability of the process, so a second set of samples from 

subsequent synthesis runs was performed. Again a normalization of density was utilized 

to bridge the present gaps within sample-to-sample comparison as the method and setup 

is tweaked. Although variability exists, the differences appear to close when comparing 

with the first series of tests. 

 

 

Figure 3.18 – Compressed Sample Desktop Microscope Image at 18x 

 
As previously discussed, repetition and repeatability in the formulation of the 

samples translate to the testing and analysis of these samples. After the first two rounds 
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of tests, a couple of test parameters were reexamined. A quick look with a Dino-Lite 

desktop camera reveals a damaged sample in Figure 3.18. This is important to note for 

incorporation of these structures in laminated composites to be examined later. Some 

samples showed a momentary reduction in stress at slightly increased strain, prior to 

returning to the generalized increasing stress versus strain trend. Figure 3.19 shows such 

a stress-strain response of the sample seen in Figure 3.18. This phenomenon is explained 

by the deformation, sometimes audible cracking, of large entanglements within the forest. 

It is often accompanied by audible cracking during the compressive test. The green arrow 

in the figure points to the moment of the first breakdown of the sample. At this point, the 

effective area visibly changed, so the material’s stress in the range bounded by the orange 

arrow is inaccurate. With no ability to account for this, samples that experience this 

failure are avoided since there is no guarantee that the failure mechanisms are repeatable 

sample to sample.  

 

 

Figure 3.19 – CNT Compressive Stress vs. Strain of Sample in Figure 3.18 
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With the repetition of testing a profusion of samples, the procedure becomes more 

second nature ensuring uniform progression throughout to generate as identical samples 

as humanly possible. To confirm this, samples are cut from back-to-back synthesis runs 

and examined in the exact manner outlined earlier. The results of these tests are plotted in 

Figure 3.20, without the unload curve to eliminate possible impairments in attempting to 

interpret the results. The zero strain mark is set following the preload of 1 N, just as the 

load is increasing on the sample. This avoids sections of the data set that would be a 

result of the preload rather than the actual compression testing. Samples from this round 

of compression tests show better precision at lower maximum stress values than the 

initial tests. The improvements in consistency sample-to-sample directly correlate to the 

prescribed force to achieve an identical peak stress, a consistent strain rate along with 

continued practice cutting samples for the analysis. The deviation sample to sample is 

quite low at each stress level.  

 

 

Figure 3.20 – Loading Stress versus Strain of CNT Samples 
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These values are obtained from the curves using MATLAB’s Data Cursor Tool.  

Table 3.1 provides the strain percentage given three points of stress for the samples in 

Figure 3.20. The small true strain percentage variation sample to sample confirms 

repeatability of the synthesis process and testing method. This variation is attributed to 

the chemistry reaction mechanics that cannot be controlled by inputs or reaction 

conditions, like the furnace temperature. Table 3.2 shows the measured thickness and 

areas of each sample as well as the peak force necessary to achieve the desired 30 MPa 

peak stress for each sample. Figure 3.21 shows a further comparison between a sample 

manufactured for this study and one tested seen in Raney et al. [46]. A custom MATLAB 

file was written to select points from the source’s curve in order to regenerate the data 

from the curve in the image.  

 
Table 3.1 – True Strain Percentage at Given Stress Values for Samples in Figure 3.20 

 
Sample 
Number 

5 MPa 15 MPa 30 MPa 

1 38.5 % 52.2 % 67.3 % 

2 35.9 % 52.5 % 69.5 % 

3 38.9 % 53 % 67.5 % 

4 38.6 % 52.8 % 67.9 % 

5 39.8 % 53.6 % 68.4 % 

6 33.9 % 51.6 % 69.4 % 

7 31.2 % 52.2 % 74.4 % 

8 33.7 % 52.8 % 72.4 % 

9 35.4 % 52.4 % 69.9 % 
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One key difference to examples in the previous literature is the reduction in area 

bound by the stress-strain curve. The increased measured bulk density, thus perceived 

increased tube density within the aggregate structure, point to limited spacing at the 

microscopic level when the nanotubes experience buckling. The surrounding tubes 

provide additional structural support not seen in the lower density samples, leading to this 

reduction in the area bounded by the load/unload curve. The CNTs have limited room to 

micro buckle, altering the compressive response to perform more like a brittle material. 

This corroborates the trend of low stress at increasing strain percentages followed by 

considerable increases in the stress at higher strain percentages. 

 
Table 3.2 – Sample Thickness, Area, and Applied Force to Generate Figure 3.20 

 

Sample 
Number 

Measured 
Thickness 

(mm) 

Measured Area 
(mm2) 

Applied Force 
(N) 

1 2.21 61.4 1840 

2 1.83 64.8 1940 

3 1.56 50.6 1520 

4 1.71 61.0 1830 

5 2.01 63.8 1910 

6 1.46 60.0 1800 

7 1.04 57.5 1730 

8 0.91 46.5 1400 

9 1.31 55.9 1680 
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Figure 3.21 – Stress versus Strain Comparison Between Sample from Current Study to a 
Curve from Raney et al. [46] 
 
 

3.3 Laminate Manufacturing 
 

Following testing and continued manufacturing of CNTs, some decisions 

regarding laminate manufacturing materials and methods are made to continue down the 

path towards determining viability for impact protection. Notably, the decision discussed 

in Chapter 2 regarding the selection of carbon fiber, which is considered poor for impact 

protection, over Kevlar or other possible materials. Other insert materials and resins are 

also selected as added dimensions for comparison during the drop tower testing examined 

at length in section 3.4. 

 
3.3.1 Choice of Fiber for Laminate Manufacturing 
 

In order to make the appropriate decision regarding the formation of carbon fiber 

laminates, it is necessary to outline the parameters important to this study for fiber 

selection. The fibers should provide improvement in the impact direction, which is the 
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vertical or z-direction. The fiber formation should increase strength and stiffness in all 

directions. (This can also be done with rotation of fibers in the layup.) For manufacturing 

consideration, the layup should be symmetric and balanced. Symmetric layups have plies 

above the mid-plane that mirror layers below that mark. Balanced layups prevent warping 

due to the resin cure cycle. With these thoughts in mind, the two categories of carbon 

fiber to choose from are unidirectional and weave. Unidirectional typically provide 

reinforcement for axial strength in the direction of the fibers. Woven fibers provide 

increased strength in all principal directions, though limited improvement in the through 

thickness direction. This fiber type is selected for ease of use and ease of comparison 

with previous studies into composite impact response. Additionally, the selected fiber 

layup is completely 0º plies. Choosing this layup provides an additional baseline for the 

control carbon fiber laminate sets and shed some light on the validity of including inserts 

for impact events. Inserts of 6061-aluminum and low-density polythelyene (LDPE), as 

well as CNTs manufactured as outlined above, are to be included for comparison to 

strictly carbon fiber laminates. The fabrication method should permit easy insertion 

without drastically changing the manufacturing process. This is to limit the changes from 

part to part, providing acceptable scientific comparisons of the laminates under the 

impact-loading scenario. Also, the material properties of each insert will be incorporated 

into the modeling portion of this study to contribute additional analysis. 

 
3.3.2 Choice of Laminate Manufacturing Method 
 

Prior to manufacturing laminates with and without inserts to determine impact 

response, an appropriate method is selected. Key considerations include availability of 

necessary components and implications of the method with regards to the resulting 
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component. Mailen [93] and Stair [94] discussed the vacuum assisted resin transfer 

molding (VARTM), wet hand layup and pre-impregnated fiber (pre-preg) methods used 

within the research environment. Of these, the VARTM and pre-preg methods are best 

suited for the plain weaves selected for the study. For a brief review, the VARTM 

technique permits the user to vacuum bag the fiber layup with resin inlets and exits to 

some type of tooling. The exit is connected to a resin trap container that is connected to 

the vacuum pump. When turned on, the pump pulls a vacuum on the laminate to prevent 

air from degrading the quality of the manufactured part. Clamps on the inlet and exit 

tubing restrict flow as appropriate per the steps outlined in the above sources. This is 

followed by the appropriate cure cycle outlined by the resin manufacturer selected results 

in the composite part. (A more in-depth discussion of the cure cycle and its effects is 

forthcoming.) Alternatively, pre-preg manufacturing utilizes impregnated fiber to 

eliminate a possible source of complication in the resin transfer. Once the layup is cut out 

to the desired shapes, the stack is ready for cure. This method can require vacuum 

bagging the layup or could include clamping an additional tooling atop the layup to 

provide additional force to distribute the resin already apart of the layup for a better 

quality part. This additional step is the reason to select VARTM over pre-preg 

manufacturing. All laminates are manufactured for this study with a flat face in 

accordance with the ASTM standard for impact testing of fiber-reinforced laminates. This 

is done with the aluminum tooling previously mentioned. Laminates with inserts will 

have uneven top surfaces, because the inserts do not compose a complete layer within the 

layup. This important factor also directs the manufacturing towards the selection of the 

VARTM technique. However, this choice is not without issue. Initial efforts of this 
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method highlighted a problem with this method that could not be solved by selecting the 

alternative. Figure 3.23 shows the first attempt at including an insert into the layup. The 

red arrows show voids that are directly correlated to including the insert. Upon further 

examination, this result corresponds to the increased thickness at one point followed by a 

drop from that thickness to the fiber layer underneath and outside the area of the insert. 

 

 

Figure 3.22 – First Attempt at VARTM with Insert 

 
More resin must be held within the fibers to eliminate these voids. Of added 

complication, these voids are prospective sites for crack initiation and propagation under 

loading. This matter also provoked a question of resin infusion within the nanotube 

inserts. The aluminum and LDPE inserts are solid structures whereas the nanotubes can 

soak up resin through capillary effects. Opting for an entire layer of the alternate material 

as opposed to a single insert should eliminate the gap issue seen in Figure 3.23. However, 

it was not possible to reasonably do this, because of the limited size of the synthesis 

samples created with the setup outlined earlier in this chapter. This would have required a 

significantly higher number of synthesis runs to produce one layer for impact testing 

within a single laminate, let alone enough for laminates tested. With that said, it would be 

of interest to understand is the qualitative degree of resin infusion into the forest sample. 

Increased resin within the thickness of the sample maximizes the opportunity for bonding 

between the resin and nanotubes. This in turn creates a greater adhesion between it and 
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the remainder of the laminate. On the other hand, if the bonding between the nanotube 

insert and resin is poor, it becomes a likely source of delamination within the laminate, 

leading to the early onset of fracture under all types of loading. This also applies to the 

other inserts used for comparison. The lack of resin soaked by a nanotube structure is 

visible in Figure 3.24a. Not only does no resin appear to be within the CNT forest, but the 

carbon fibers denoted in the picture are also without resin. Figure 3.24b shows another 

look at a carbon fiber/CNT structure. This one appears to have resin around both the 

carbon fiber and CNT insert, but a gap remains between the two different pieces. For an 

ideal sample, resin would be added to close the voids created by the increased thickness 

at one point and not another. To this end, more resin would need to flow across the plies 

during the infusion process to provide the best opportunity for resin to surround the 

inserts. Prior description of the variation between CNT samples, specifically the 

entanglement atop each sample, applies directly to these circumstances as well. A greater 

degree of entanglement is suspected to limit the resin infusion whereas open ends of 

tubes permit higher capillary contribution to carry the resin further into the tubes. It is 

hypothesized resin binding these two structures together may increase the resistance to 

failure. An alternative to the insert would be for the CNT insert to span the entire 

laminate, which is outside of the reasonable capabilities with the current synthesis setup. 

Synthesis adjustments, such as including hydrogen gas or other reaction 

precursors, affecting the structure of the resulting nanotube samples are not performed. A 

greater degree of entanglement and higher tube density is suspected to improve the 

impact response. Yet this could limit the resin infusion. Opting for the greater impact 

performance, nothing is done to the structure to increase resin absorption. Instead, the 
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limited resin and nanotube amalgamation also creates a more level comparison of all the 

inserts since the resin cannot fully penetrate the other solid inserts. Figure 3.25 shows the 

central placement of the insert relative to the ply stack to best test the material’s response 

in a drop weight test. 

 

 

Figure 3.23 – (a) Microscopy of CNT/Carbon Fiber Structure with Following Attempted 
Resin Infusion and (b) Microscopy of Different CNT/Carbon Fiber Structure  
 
 

 

Figure 3.24 – Placement of the Insert Relative to Ply Stack 

 
Each insert is 2.54 cm x 5.08 cm (1” x 2”) with a thickness of approximately 2mm 

(0.08”).    As  previously  discussed,  no  special  surface  treatments  are  performed  on  the 
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nanotube samples attempting to utilized the inherent capillary effects utilized in previous 

research [60]. In order to enhance the bonding between the other inserts and resin, several 

different surface treatments are performed to maximize the aforementioned bonding 

within the laminate following guidance from a technical advisor for the Pro–set resin 

[95]. For the aluminum inserts, 800-grit sand paper is run across the surface to remove 

any prior coatings that could prevent adhesion and to allow small gaps for the resin to 

mechanically fill into. The LDPE samples are flame treated using a propane torch moving 

across both sides of the insert at approximately 1 foot per second. While this speed is 

rather quick across such a small surface, the treatment opens bonding sites on the LDPE 

piece [95]. Once the treatments are performed, the inserts are added to the stacks and laid 

atop the tooling ready for infusion using the VARTM process. At this moment, no 

treatments are performed on samples using the alternate resin set discussed at length in 

the next section. 

 
3.3.3 VARTM Laminate Manufacturing Process 

 
Now that the inserts are properly addressed, laminates are manufactured for drop 

tower testing. For all laminates tested, a 5.6 oz 12 x 12 plain weave of 3K carbon 

standard modulus PAN carbon fiber composes both the warp and fill fibers.  

 
Table 3.3 – Properties of Carbon Fiber from ACP Composites [96] 

 
Tensile Strength (ksi) Tensile Modulus (msi) Density (lb/in3) CTE (1/°F) 

530 33.5 0.064 -0.33x106 
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For this study, carbon fiber pieces are cut to 10.2 cm x 16.5 cm (4” x 6.5”) with 

the latter along the length of the carbon fiber roll to establish that as the 0° orientation for 

all plies. Vacuum bagging is cut a little larger than the size of the tooling in order to 

ensure a seal all the way around the tooling. Once all pieces are cut, the surface of the 

tooling is cleaned for use. Assuming no previous manufacturing has occurred on the tool, 

it is necessary to wax the tooling to ensure release following the cure. This is typically 

performed three times for good measure, applying the wax and removing it after a very 

short period of time. After the initial waxing and proper cleaning following the removal 

of laminates, the plates are waxed only once. The resulting surface should be extremely 

smooth, like the finish of a car. After the wax has been removed the final time, acetone is 

used to clean the edges of the tooling to permit the gum tape to stick to the surface of the 

tool. As discussed the wax is used to avoid adhesions, so it is necessary to remove this to 

ensure a complete seal around the part. Gum tape can be applied as individual strips or 

one continuous strip around the outer edge just cleaned with acetone. Removing the 

bottom strip of paper as the gum tape is applied helps in controlling the adhesive surface. 

Equivalently, the top strip of paper can remain on the gum tape until the bagging is ready 

to be applied to completely seal the part for resin transfer. The plies are laid in the center 

of the tool, making certain no edges are beyond the gum tape. If so, this should be 

addressed prior to sealing to avoid prevention of a seal. Once the plies are laid, the spiral 

mesh is partially wrapped around one end of the clear tubing while the other is gum taped 

down to the tool at one corner of the layup. For best resin transfer, it is helpful to select 

the longer edge of the plies to extend the spiral tube about. The end attached to the clear 

tube is laid on the gum tape, removing the paper at that point to hold the tube in place. 
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(Another method of wrapping gum tape around the tube at the intersection with the gum 

tape edging is also useful once the vacuum bag is applied.) This is repeated along the 

other long edge to resulting in Figure 3.26. 

 

 

Figure 3.25 – Spiral Tubing Placement Prior To Peel-Ply 

 
 Now the peel-ply and mesh, respectively, are laid over the plies. The peel-ply 

should extend just over the spiral tubing, with the mesh just beyond that point. This aids 

in the resin transfer from the inlet point to the exit. This is shown in Figure 3.27.  

 

 

Figure 3.26 – Placement of Peel-Ply and Mesh 
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The final piece is the most critical to ensuring a useable part is created; this is the 

vacuum bag. After much practice, it is found best to apply the vacuum bag one edge at a 

time. Starting from one edge, the paper covering the adhesive gum tape is removed and 

replaced by the vacuum bag. If possible, large creases are avoided in the bag to prevent 

further tinkering and gum tape application to completely seal the part. This procedure is 

followed around the part, sealing each edge successively. Once the part is initially sealed 

or as each edge is sealed with the bag, it is best to press down on the bagging to complete 

the seal between the bagging and gum tape and the gum tape and tooling. Each point of 

weakness provides an inlet for air to be introduced to the part, eliminating the vacuum 

required for best process control. Upon completion, the part should look as Figure 3.28. 

 

 

Figure 3.27 – Sealed Tool Prior to Vacuum Test 

 
To test the seal, seal clips are placed on the clear tubing extending out from 

tooling. One end is collapsed to seal the inlet, while the other is closed but connected to 

the vacuum typically through a resin catch container. Upon completion of this task, the 

vacuum pump is turned on. The seal clip on the tube connecting the part to the resin catch 



 
 

86 

container can be opened to introduce the vacuum to the part. A distinct reduction in the 

air beneath the vacuum bag should be visible, shown in Figure 3.29. 

A comparison of Figure 3.28 and Figure 3.29 shows the effect of the applied 

vacuum. A good seal without air leaks should be spared of sounds and when closed off 

for 10-20 minutes shows no release of vacuum. A bad seal will make a distinct, high-

pitched whining noise. If any leak is present, such issues should be addressed at this 

moment. Without reconciliation, air leaks will damage the resulting quality. It is found 

the best way to eliminate leaks is further pressure along the gum taped edge with a 

smearing technique to address leaks invisible to the naked eye. Once leaks are eliminated, 

the seal clip is closed to confirm the integrity of the seal. Quality seals have no air 

reintroduced and negligible play in the bagging, confirming the best possible in the 

laboratory environment.  

 

 

Figure 3.28 – Sealed Tool with Vacuum Applied 

 
With the part prepared for resin infusion, the resin mixture is created. Resin in 

poured into a previously weighed mixing container until the desired weight of resin is 
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achieved. Sonication of the resin mixture following formation collects and expels air 

bubbles from the mixture, preventing tiny, unintended voids from being introduced 

through the VARTM process. Such a process is vital when concerned with surface finish, 

but since all will be broken, sonication is not performed. The resin is ready for transfer 

into the vacuum bagging. The inlet tubing end is submerged in the resin jar and seal clip 

is opened to introduce resin into the system. As the seal clip is opened, resin flowing 

across the part is visible as it travels across the plies. During batch or single part 

manufacturing, it is paramount to keep the tube end below the top level of the resin to 

prevent adding air to the part. Once the resin reaches the exit spiral tubing, the inlet end 

seal clip is closed and removed from the resin container. Subsequent parts follow the 

same procedure to perform the VARTM technique. Following the resin infusion, the 

intended cure cycle begins. Once the seal clip is closed from the resin container, the room 

temperature portion of the cycle can be initiated. The vacuum pump can remain on or be 

disconnected prior to the room temperature cure; it is a matter of personal preference and 

equipment capability. Of added importance is the type of seal on the tool. If the seals 

were not great, then the choice to maintain vacuum throughout would require leaving the 

vacuum pump attached. Prior to the post cure, the seal clip connecting the part to the 

vacuum is closed and separated from the resin capture container. Upon completion of the 

cure cycle, the part is removed from the furnace and unpackaged, disposing of proper 

materials. For subsequent laminate manufacturing, the seal clips are preserved. Tooling 

should also be cleaned of dried resin and waxed in the method outlined at the outset of 

this section. This extra effort aids in successive manufacturing efforts and typically 

accepted practice. The steps can be reordered after repetition of the process to best adjust 
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for limitations and modifications to the process, such as the inserts formerly reviewed. It 

is at the moment of placing the insert that the resin can be properly mixed and added as 

described. Remaining steps are followed judiciously to result in laminates useable for 

drop tower testing. 

 
3.3.4 Discussion of Resins Used During Laminate Manufacturing 
 

Two resin systems are used to provide an additional comparison of performance 

during the impact tests. The first is the Ashland AME™ 6001 INF epoxy vinyl ester resin 

used with an MEKP-9 catalyst. The amount of catalyst is advised at 1.5% by weight, or 

1.5 grams per 100 grams of resin. The second is the Pro–set 114 – 210 INF epoxy resin. 

The “210” moniker denotes the fast cure hardener as opposed to other alternatives. The 

resin is mixed with the hardener at a suggested ratio of 3.65:1 by weight. Typically 

batches of laminates, rather than a single one, are made a time so resin weights are on the 

order of 200 grams, or approximately four laminates worth. This value was established 

after considerable practice with each resin set and performance in completely wetting out 

the ply stack. No effort is made to track how much is infused into each to ensure an equal 

amount stack to stack during the infusion process. Alternatively, each stack is weighted 

using an Ohaus® Scout™ Pro scale before infusion and after curing to track the resin 

contribution to the final part. The catalyst for the Ashland resin is measured to 

approximately 1.5% by weight, for ideal gel formation, and introduced to the resin. The 

catalyst amount can be slightly greater than or less than the suggested percentage. A 

greater percentage would increase the reaction speed, decreasing the amount of working 

time. The opposite is true for a lower percentage. The mixture is stirred using a Popsicle 

stick until the catalyst changes the color of the liquid from a light pink to a goldenrod 
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tinge. Similarly, the hardener for the Pro–set resin is measured to as close to the 1:3.65 by 

weight ratio as possible and stirred accordingly. As with the Ashland resin, variations in 

the Pro–set hardener amount will result in alterations to the working time. The viscous 

resin becomes noticeably less so when mixing in the hardener. Once the resins are 

properly mixed, the infusion process is identical for both resin systems.  

Both have the ability to be cured at room temperature, though this will only 

achieve a majority of the designed possible properties such as tensile and flexural moduli. 

Some can be achieved through a post–cure cycle, which are quite different for the two 

resin sets. Following an hour of room temperature cure for both resin systems, the 

alternate post–cures are performed. The Ashland post–cure used is quite simple; a raised 

temperature cure of 60ºC (140ºF) for 24 hours. Pro–set has a complex recommended 

post–cure cycle. From the product guide available on their website, the following steps 

make up the post-cure cycle [97]. Starting from room temperature, the temperature 

increases at a rate of 8ºC–11ºC (15ºF–20ºF) every hour. After every subsequent 22ºC 

(40ºF) increase, the temperature is held constant for an hour to prevent thermal shocking. 

The ramp–hold cycle is continued until the target temperature of 82ºC (180ºF), where the 

laminate is held for 8 hours. Upon completion of this step, the temperature is decreased at 

a rate of 11ºC (20ºF) per hour until 35ºC (95ºF) is reached. At this point, the laminates 

are held for two hours to again allow for thermal equilibrium. The holds primarily 

address large thicknesses of laminates and/or core materials that could introduce 

temperature gradients within the part. With the thicknesses of the laminates in the present 

work with and without inserts, it is determined thermal shocking would not be a 

significant source of variation in the manufacturing and the holds are eliminated from the 
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post cure cycle. Per the technical data sheet, this cycle should maximize the tensile and 

flexural strength in addition to the tensile elongation. While other cures are listed, a 

variant of the prescribed cure is utilized for the Pro–set system. Following the same cited 

discussion with a Pro–set technical advisor, the cure cycle is adjusted to 82ºC (180ºF) 

over 8 hours, without the prescribed holds seen above [97]. Laminates not undergoing a 

post–cure are left in the vacuum bag for 24 hours after which they are removed for 

testing. If still gelled because of too little catalyst, in the case of an Ashland set, then the 

laminates were allowed another day to harden out of the bagging. Upon completion of the 

chosen post–cure, the laminates are removed from the tooling and ready for testing. 

 
3.3.5 Visual Results of VARTM Laminate Manufacturing 
 

The following section qualitatively examines the laminates post cure. Shortly 

after the laminate is removed from the tooling, it is labeled for quality control purposes. 

Figure 3.30 shows an example laminate following cure. Of note is the shiny, flat surface 

that was previously in contact with the surface of the tool. Few surface defects are 

visible, but those are attributed to the VARTM process.  

 

 

Figure 3.29 – Example Laminate (a) Top and (b) Bottom Following Post-Cure 
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Also visible on the right side of the figure is the top surface, to be directly 

subjected to the drop tower impact head. The surface finish of Figure 3.30b is a direct 

result of the peel ply applied during the manufacturing process. The edges of the laminate 

are unclean and jagged as well. Again, surface and edge finish is not of the utmost 

concern for impact testing, but could be addressed in future endeavors if they are of 

interest. Figure 3.31 provides an initial look at a laminate with nanotube inserts. An 

immediate difference from this laminate to subsequently manufactured and tested 

laminates is the removal of the semicircular nanotube substrates. Aside from the inserts, 

the comparisons with Figure 3.31 are slight.  

 

 

Figure 3.30 – Laminate (a) Top and (b) Bottom with Original CNT Insert Formation 
 
 
The bottom surface in Figure 3.31 has slightly more surface defects (dull, grey 

areas) than the bottom surface in Figure 3.30. The top surface of Figure 3.31 has a raised 

feature, completely attributed to the nanotube insert. Increased thickness is noted for 

laminates with inserts, but inserts are of similar thickness for experimental comparison of 

impact response for the material included along with the carbon fiber. The dotted lines in 

each figure depict the region occupied by the laminate insert. The rectangular substrate, 

although varies slightly from synthesis run to synthesis run, is larger than the impacting 
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structure of the drop tower. Therefore, there is no added benefit for including the 

semicircular structures and contributes more manufacturing work to replicate the shapes 

for aluminum and LDPE inserts. Following this realization, only rectangular shapes are 

used, outlined by white dotted rectangles in Figure 3.32. 

 

 

Figure 3.31 – Example Laminate with CNT Rectangular Insert Similar to Figure 3.25 

 
Following VARTM production of all laminates, they are tested using the 

laboratory’s drop tower machine. Addressed in section 3.4.2.4, four sets of 10-layer 

laminates are manufactured for drop tower testing using the Pro–set. The carbon fiber 

control set has no insert, but each of the remaining three sets has one of the desired insert 

materials. Also, in section 3.4.2.5, three sets of 12-layer laminates are made to compare 

the different chosen resin cures.  For the Pro–set, only the 8-hour, raised temperature post 

cure at 82ºC (180ºF) is performed. For the Ashland, the 24-hour, raised temperature post 

cure at 60ºC (140ºF) and the 24-hour room temperature cure are completed. Great care is 

taken during the manufacturing process to create samples that give accurate comparisons 

of impact worthiness between all sets and samples in order to provide insight into which 

combination would aid in low velocity impact scenarios.  
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3.4 Drop Tower Testing 

 
3.4.1 Drop Tower Modifications 
 
 The inherited drop tower was previously designed for the testing and recording of 

Charpy and Izod impact tests. While these test are of benefit to other applications, the 

standard guiding the drop tower testing throughout this work is ASTM standard D7136 

for measuring the damage resistance of a fiber-reinforced polymer matrix composite to a 

drop-weight impact event [98]. The first change to the existing drop tower required 

alteration of the impactor. Charpy and Izod tests require a significantly different impactor 

shape and size as compared to the aforementioned ASTM standard. The redesign to a 

hemispherical shape with diameter of 16 ± 0.1mm with a hardness of 60-62 HRC is seen 

in Figure 3.33. Beveling as a result of lathe manufacturing is simply a decision made in 

fabrication to save time rather than creating a purely cylindrical impactor as seen in the 

standard’s diagrams. The smooth steel impactor also provides consistent damage 

throughout the testing. Next issue to rectify is the test stand. Charpy tests allow the 

sample to sit unclamped on two supports, a similar setup to the three-point bend test. The 

guiding standard calls for significantly more intensive method of holding the sample in 

place; four hinged clamps compress the sample at all four corners. The support fixture is 

smaller with a cutout size of 75 mm x 125 mm (3” x 5”), whereas the prescribed laminate 

size is 100 mm x 150 mm (4” x 6”). In order to fit within the confines of the drop tower 

without contacting the guide rails, the laminates tested are manufactured to 100 mm x 

178 mm (4” x 7”). The extension allows the laminate to be clamped without interfering 

with the trolley and guide rails of the drop tower. 

 



 
 

94 

 

Figure 3.32 – Inherited Drop Tower and Custom Drop Tower Impactor 

 
The size restrictions also prevented four clamps similar to those shown in the 

standard diagrams. This clamping mechanism also required at least 1,100 N (200 lbf) of 

clamping strength per clamp. This is achieved in using the configuration shown in Figure 

3.34a where each c-clamp is compressed and the rubber pads allow the load to be 

transferred to the plate in a more uniform fashion due to slight variations in the clamping 

force of the clamps. The c-clamps are initially twisted down by hand and then tightened 

with 1.69 N-m (15 in-lb) of torque using a Snap-On QDRIVER3 on the bolt welded to 

the end of each clamp. Such a feature is employed for the added benefit of confirming 

equal clamping force on each laminate. This equates to 150 lbf, which is lower than 200 

lbf the D7136 standard calls for, but this torque amount is at the maximum of the torque 

wrench’s capability. It is used to ensure the same amount of compression across all 

clamps, though acknowledged it is under the recommended value. 
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Figure 3.33 – Custom Test Stand Assembled (a) and Underside of Top Plate (b) 

 
For reference, the laminate side of Figure 3.30a is laid on the flat surface of the 

drop tower test stand; the laminate side of Figure 3.30b is held in place by the top of the 

test stand. The laminate would be placed down first atop the flat portion, followed by the 

top plate. Finally, the clamps are fixed as seen in the figure. For added stabilization and 

to ensure the grommets in the same spot each time, two guiding strips are welded along 

the edge of the top plate to align that portion with the bottom of the test stand. Also strips 

are welded on the top piece of the test stand to prevent the clamps from sliding into the 

holes cut for the impactor. The ASTM standard prescribes an opening size of 75 mm x 

125 mm (3” x 5”), which is achieved for the bottom of the test stand and again used on 

the top portion for continuity. This is an added restriction with the laminates tested during 

this  research  not  present  in  other  tests.  However,  with  an  eye  towards  future  ballistic 

testing,  the  completely  connected  top  face  mimics  the  UL  standard  752  for  bullet-

resisting equipment [77].  



 
 

96 

At first, no changes were intended to the software package formulated as a part of 

the original drop tower construction. Although some included features were specifically 

for the other testing methods mentioned, the software appeared to record the impact once 

a contact is sensed. The inherited drop tower uses a PCB200C50 piezoelectric sensor 

with impact cap connected to a PCB 482A21 signal conditioner to obtain data. However, 

issues with data acquisition led to a complete rewrite of the software within LabView. A 

custom VI built from scratch, utilizing the intrinsic DAQ Assist feature, accepts as inputs 

the dimensions of the laminate as well as the drop height, drop weight, sample frequency 

and test duration. The documented conversion to pounds-force is 0.1 mV/lbf for the 

piezoelectric sensor. However, with a confidence interval of 15% on the conversion 

factor from the manufacturer’s documentation [99], the values achieved could vary 

within that range. For example, a reading of 500 lbf could be as low as 425 lbf or as high 

as 575 lbf. Without the ability to confirm the readings, it is important to recognize the 

force values could vary by this same amount. Alternatively, sampling rate and samples 

are presented with a higher confidence. For most of the testing, a National Instruments 

USB-6009 data acquisition (DAQ) card transmits the data for processing and display on 

the computer screen. Upon further review, it is discovered an update to the DAQ card 

would significantly improve the resolution of the sampling rate and accuracy of the 

measured values. A second DAQ, the National Instruments NI-9205 DAQ card, is 

installed following testing of the Pro–set samples. For the first round of tests, the sample 

frequency is 48,000 samples/second whereas the update in DAQ card permits the change 

up to 100,000 samples/second. The voltage data is converted and processed in a custom 

MATLAB script to make the desired force versus time plots. Electrical connections 
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between the sensor and signal conditioner are also cleaned with trace amounts of acetone 

on a Q-tip to remove buildup of gunk over time. This is believed to also have contributed 

to issues with some preliminary testing.  

The impact trolley is loaded with desired weights and raised to the desired drop 

height. For all impact tests in this study, the desired height is 23” (58.4 cm) with no 

added weight for a trolley weight of 6 pounds (2.7 kg). The method of performing a test 

has also changed with the hardware updates to the system. All parameters are still entered 

into the LabView screen before running a test. The previous edition utilized a connection 

between the drop trigger for the trolley and the LabView VI to initiate the drop and data 

acquisition simultaneously. However, the acquisition of data is now triggered with the 

Run command inside the program. The release of the impact trolley is still done using the 

control box on the tower. To best accomplish a successful initiation of data acquisition 

and drop of the trolley, two persons combine to make the connection previously left to 

the electronics and coding. One person is in charge of the LabView initiation while the 

other is in control of the tower’s drop switch. The individual operating LabView begins a 

countdown from three. At one, that person clicks the arrow to Run the VI and at zero, the 

other releases the trolley. Once the trolley settles out, the individual operating the tower 

can reconnect the trolley to the drop mechanism while the other saves and renames the 

input and data files as appropriate. These are then imported into the custom MATLAB 

script to plot the force as a function of time. Horizontal time shifting is performed to best 

align the uptick in force. This is appropriate because of variations in the momentary 

pause between starting the VI and dropping the trolley. Automation through connection 

and simplification of the original LabView code could rectify this in the future. Further 



 
 

98 

information regarding the original drop tower and its development is available in the 

tower’s final design report from its inception, available internally to the Mechanical 

Engineering department. Plots of force versus time are compared between samples to 

determine the impact performance. The outputs are also useable for comparisons with 

modeling approaches to be discussed at length in Chapter Four. 

 
3.4.2 Drop Tower Testing Data and Analysis 
 

In accordance with the prescribed steps herein, drop tower tests are performed on 

the laminates. For continuity, laminate sets are tested one type at a time. All values are 

reported in English units from this point forward. After considerable effort to eliminate 

potential issues, the tower is primed for drop testing following ASTM standard D7136 

with the alterations previously mentioned.  

 
3.4.2.1 Confirmation of velocity.  Since the custom drop tower does not have the 

capability to measure the velocity for each test, an alternative method for estimation of 

the quantity is selected. Equations 3.4 and 3.5 are the base equations for a falling body’s 

displacement and velocity respectively.  

 

x = x(t) = x0 + v0t +
1
2

gt 2

 

(3.4) 

 

v = v(t) = v0 + gt
 

(3.5) 

 

v(t) =
x
t

+
1
2

gt
 

(3.6) 

 
Assuming an initial position (x0) and time (t0) equal to zero, no drag and a drop 

distance of h, these equations can be combined to yield Equation 3.6. Now if velocity is 

approximated by the change in height divided by the change in time, the velocity of the 
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hit can be approximated as h divided by the time to hit (thit). Using the same assumptions, 

the initial velocity can be solved for from Equation 3.4 to obtain Equation 3.7 substituting 

the same values of h and thit into Equation 3.6 results in Equation 3.8. 

 

v0 =
h

thit

−
1
2

gthit  
(3.7) 

 

v f =
h

thit

+
1
2

gthit

 

(3.8) 

 
These equations represent the lower and upper bounds of the velocity used in the 

COMSOL model discussed in Chapter Four when comparing with the experimental 

results. The range developed using this formulation is narrowed by taking into account 

the kinetic and potential energies. While again assuming no drag, the velocity from a 

drop height, h, is equivalent to Equation 3.9. Using the parameters of the upcoming 

testing, this velocity is found to be 11.1 ft/s. It is acknowledged drag exists along the 

guiderails in the testing apparatus.  

 

v = 2gh  (3.9) 

 
To confirm its nominal contribution, video of the trolley dropped from the testing 

height is taken using the slo-mo feature of an iPhone 6 camera operating at 240 frames 

per second (fps) [100]. While the manufacturer claims the above frame rate, a brief 

investigation using this same camera confirms the value. A stopwatch is recorded at the 

heightened frame rate for 3 seconds. The video is uploaded to a movie player that can 

advance a single frame at a time. The initial time on the stopwatch is written down then 

written down after advancing 50 frames. After performing the analysis three times on the 

same video, the frame rate is confirmed to be 240 fps.  
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 A ruler, attached to the drop tower as a part of the initial construction, provides 

distance down to 1/8” covered by the trolley as it falls through the observed frame. Three 

video sets are analyzed, resulting in a drop velocity just before impact of 11.6 ft/s. At 

initial glance, this appears to contradict the energy approach previously identified as the 

maximum possible velocity given the drop height. However, this approach relies on being 

able to select the same point on the trolley as it falls. Multiple approaches are attempted 

to simplify this task including selecting the same corner of the trolley in every frame, 

drawing a line on the side of the trolley and providing additional light around the tower 

while capturing the video. Of the latter two, the additional lighting proves to be the most 

useful in defining the edges of the trolley to best identify the position. These efforts still 

result in ambiguity of the measured value readily available in the provided sample frame 

seen in Figure 3.35.  

 

 

Figure 3.34 – (a) Still Photo of Drop Tower Trolley and (b) Screen Capture of Velocity 
Confirmation Video 
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As further insight, the calculations are solved with a supplementary step of adding 

or subtracting 1/4”, or the apparent range of the actual position of the trolley. This 

additional consideration simulates the effect of misreading the ruler, given the blurriness 

even with additional lighting visible in the figure. The change results in an added 

deviation of 0.25 ft/s. Without the ability to readily eliminate the uncertainty, the 

potential to kinetic energy approach is selected to best estimate the velocity.  

 
3.4.2.2 Repeatability and consistency.  After discovering no established standard 

for calibration of a drop weight tower exists [101], the concept of calibration is 

abandoned, opting for consistent and repeatable testing to be able to compare all samples 

relative to one another. The following tests introduce the curve of a homogeneous 

material, in this case aluminum, along with a demonstration of the consistency of the 

constructed drop tower system. Figure 3.36 shows the results of a sheet of aluminum 

6061 acquired from McMaster Carr with a thickness of 0.09”, cut down to match the 

fixture frame. The thickness is arbitrary and a matter of convenience due to availability in 

the lab for these tests as well as for use as the aluminum inserts in the pending laminate 

tests. The computer captures the force as a function of time, tabulating values prior to and 

following the impact event. 

The moment of impact can be observed in Figure 3.36 to occur at approximately 

7.5 ms on the horizontal axis and the transducer is in contact with the sample until 

approximately 13 ms. Energy of the impact is selected to be sufficiently small enough to 

prevent failure of the aluminum sample. The 23” drop height is maintained for all tests, 

keeping a consistent impact energy parameter throughout testing. As Figure 3.37 shows, 

the mean peak force is 500 ± 10 lbf. Additionally, there is no observable difference in the 
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width of the curves; otherwise put, no significant change in the duration of impact is 

present from sample to sample. A sample of aluminum is tested before laminate testing to 

confirm consistent data acquisition between tests occurring on different days. Force is 

selected as the parameter of comparison. The capability of measuring displacement, thus 

energy, is unavailable. It is acknowledge that this coupled with measuring the impact 

force on the backside of the laminate would be the most ideal data acquisition. Because 

the force is measured above the impactor, peak forces are compared between samples, 

with the higher peak force signifying the improvement.  

 

 

Figure 3.35 – Force vs. Time Plot of Aluminum Consistency Test 

 
3.4.2.3 Comparison of Pro–set laminates.  In making the transition from the 

initial aluminum samples to carbon fiber laminates some important distinctions will 

contribute to interpreting the results. The damage to a carbon fiber part does not follow 
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the parabolic-like trend see in Figure 3.36 and Figure 3.37. A portion of the impact force 

contributes to fracture of the laminate through breaking the bonds between the fiber and 

resin matrix. Figure 3.38 presents the measured force during the impact from one of the 

in-house manufactured laminates without any inserts. Immediate differences are apparent 

between this test and the data from the pure aluminum test. Immediately evident is a 

significant reduction in the peak force from 500 lbf to 310 lbf as well as the change in the 

basic shape of the curve. It is also notable that the duration of the impact has also 

increased from approximately 5 ms to approximately 11 ms.  

 

 

Figure 3.36 – Force vs. Time Plot of All Aluminum Consistency Tests 

 
No alterations were made to the drop height and weight for any of the tests, 

keeping the impact energy of 12 Joules, based on perceived velocity, unchanged vital for 

direct comparisons. The parabolic shape of the curve is not present, indicating that 
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damage has occurred as can be observed by visual inspections of the samples after the 

test. One example is visible in Figure 3.39, examining the posterior of the laminate. 

 

 

Figure 3.37 – Force vs. Time of a Carbon Fiber Test 

 
There is some visible fracture of the laminate, directly in-line with the impactor, 

shown in Figure 3.39. Cracks within the composite on the impact surface are seen along 

the 0º and 90º directions along the weave of the carbon fiber fabric. Figure 3.40 compares 

the carbon fiber laminates without any insert and the peak force measured is 310 ± 25 lbf. 

While the peaks vary slightly, the initial slope during the loading between all samples is 

nearly identical. The resin fracture and tearing portion of each curve are approximately 

the same duration of impact, speaking to the repeatability of the testing. 

The first insert within the carbon fiber laminate system is the CNT forest. The 

results of the impact test are shown in Figure 3.41.The peak force from the four samples 
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is 350 ± 24 lbf. The loading and unloading portions of the tests are observed to be 

consistent across multiple tests.  

 

 

Figure 3.38 – Posterior View of Carbon Fiber Laminate after Impact 

 
Nevertheless, the data shows a greater variability in the shape of the curve once 

damage occurs and the laminated structure begins to tear. Once the peak force is reached, 

there appears to be a sharp drop in the measured force prior to leveling off before the 

unloading occurs from several of the samples. The reason for this drop is not certain, but 

there are two possible theories. It is conceivable that either the material insert or the resin 

surrounding the insert experiences failure. Both scenarios result in tearing of carbon fiber 

as the primary explanation for the sudden force reduction. 

Though slight improvement in mean peak force is experienced, other materials are 

considered to determine whether or not a change in modulus of the insert material would 

perform similarly. To best address this, two materials (aluminum 6061 and LDPE) are 
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chosen to represent the extreme ends of the modulus spectrum while limiting the increase 

in weight of the laminate. The second insert is aluminum 6061; the same type used for 

the consistency and repeatability tests to confirm the drop tower. Prior to testing, the 

expectation was increasing the stiffness in the direction of impact would significantly 

raise the mean peak force. Testing confirms this suspicion as seen in Figure 3.42 with an 

average peak force of 550 ± 90 lbf. 

 

 

Figure 3.39 – Force vs. Time Plot of All Carbon Fiber Laminate Tests 

 
A key difference is the presence of a sample that did not experience the same 

failure through fiber and matrix fracture seen in the other tests. While sample #033 did 

not show this same failure, the peak force is significantly higher than the samples with 

alternate inserts. This sample’s response appears to be more dependent upon the 

aluminum insert than the carbon fiber and resin matrix surrounding it.  
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Figure 3.40 – Force vs. Time Plot of All Laminates with CNT Inserts 

 
 

 

Figure 3.41 – Force vs. Time Plot of All Laminates with Aluminum Inserts 
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The lower end of the inset modulus is represented by the LDPE inserts. Figure 

3.43 compares the samples tested using the described insert. The average peak force 

measure is 390 ± 63 lbf. This set of laminates showed a greater variability than all of the 

others tested. As seen in the CNT insert tests, a sharp decline is present in the data once 

the peak force is reached. Like the aluminum insert, the LDPE insert has isotropic 

tendencies whereas the CNT inserts are transversely isotropic, with significant strength in 

the vertical direction as a result of the synthesis method outlined earlier. These 

considerations matter with regards to the model discussed in Chapter Four. 

  

 

Figure 3.42 – Force vs. Time Plot of All Laminates with LDPE Inserts 

 
All samples are shown on the same window for comparison as seen in Figure 

3.44. Additional visual inspection of the laminates is made post-test in order to further 

ascertain the repeatability between laminate tests. While further investigation could be 

made about the types of visible cracking, the expectation of failure between fibers in the 
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0º and 90º directions of the plain weave is maintained. This is anticipated, because of the 

sudden change from reinforcing fiber to weak matrix at these points. The point of impact 

is  characterized  by  a  circular  marking,  in  agreement  with  the  shape  of  the  impactor. In 

summary, the CNT laminates provided the lowest mean peak force of the laminates using 

inserts, but did show an improvement as compared to the basic carbon fiber laminate. 

 

 

Figure 3.43 – Comparison of (a) Carbon Fiber (Figure 3.40) Laminates against (b) CNT 
(Figure 3.41), (c) Aluminum (Figure 3.42) and (d) LDPE (Figure 3.43) Insert Laminates 
 
 

3.4.2.4 Comparison  of  resins  and  post  cures.   An  appearance  of  brittle  failure 

seemed to accompany each of the tested Pro–set samples upon visual examination. This 

performance  starkly  contrasts  the  somewhat  ductile  response  seen  in  the  preliminary 

samples.  While  preliminary  samples  utilized  the Ashland  resin  set,  this  difference 
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provided cause for concern that the epoxy resin was not providing the best opportunity 

for a successful reduction in the mean peak force coupled with an expansion of the 

impact duration. New carbon fiber laminates of 12 layers are manufactured using the 

Pro–set and Ashland following acquisition of a fresh Ashland resin batch. To further test 

the response, the same post-cure is performed on the Pro–set epoxy; a raised temperature 

hold at 180ºF. Two post-cures outlined in Section 3.3.4 are used for the Ashland, namely 

a 24-hr room temperature cure and a 60ºC raised 24-hr cure. These three formulations are 

intended to provide evidence as to the direction of future samples for impact testing. For 

all samples in this section, the drop height is 23” with no weights added to the drop 

trolley for an impact weight of 6 pounds, identical to tests from the previous section. 

Figure 3.45 displays testing data from the 12 layers of carbon fiber using Pro–set 

formulation. The mean peak force is 390 ± 32 lbf, which is greater than the 310 lbf 

measured in the 10-layer samples. 

 

 

Figure 3.44 – Force vs. Time Plot of 12 Layer Carbon Fiber Samples Using Pro–set 
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Figure 3.45 – Force vs. Time Plot of 12 Layer Carbon Fiber Samples Using Ashland 
Resin with Elevated Cure 
 
 

The second formulation utilizes the Ashland resin setup with the raised 

temperature hold. Figure 3.46 shows the samples tested with a mean peak force of 410 ± 

14 lbf. Finally, the third laminate set uses the Ashland resin with only a room temperature 

cure resulting in a peak force of 590 ± 22 lbf. Figure 3.47 plots all of these tests for 

comparison with the others, which is shown succinctly by Figure 3.48. 

 

 

Figure 3.46 – Force vs. Time Plot of 12 Layer Carbon Fiber Samples Using Ashland 
Resin with Room Temperature Cure 
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Figure 3.47 – Comparison of Carbon Fiber Laminates Featuring (a) Pro-set (Figure 3.45) 
(b) Ashland Raised Temperature Post Cure (Figure 3.46), and (c) Ashland Room 
Temperature Post Cure (Figure 3.47) 
 
 

These  test  results  imply  the  elevated  cure  of  the  Ashland  resin  deteriorates  the 

impact performance of the resin set with carbon fiber laminates. Though the main cause 

for  brittle  performance  is  attributed  to  using  the  resin  past  its  expiration  date,  the  post 

cure  may  have  further  reduced  the  ability  to  absorb  the  impact  through  ductile 

mechanisms.  After  examining  the  samples,  an  interview  with  a  technical  advisor  at 

Ashland revealed such a step will accelerate the reaction and cure of the laminate, while 

advantageous  for  time  considerations,  can  potentially  limit  the  resin’s  properties, 

substantiating the claims from these experiments [102]. In addition to the tested samples, 
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whose data is present in the preceding figures, the preliminary samples referenced 

throughout are shown in the same addendum.  

 

 

Figure 3.48 – Aluminum Consistency Test Plotted with 15% Confidence Interval 
 
 

3.4.2.5 Sources of error in drop tower testing.  The complete rebuild and 

retooling of the drop tower introduced the ability to refine the test. To eliminate 

variability test-to-test, the torque wrench is used to ensure the same torque, thus force, is 

applied at each of the connections. Additionally, the rigid top plate of the test stand kept 

the laminate centered in stand. The primary source of error is attributed to the impact 

sensor and its previously mentioned 15% confidence interval. This means a force reading 

of 500 lbf could actually be anywhere from 425 lbf to 575 lbf. Figure 3.49 shows this 

with the grey regions behind the averaged data set for the aluminum consistency tests. 

Figure 3.50 shows this interval for a carbon fiber laminate. In most of the plots, this 

appears to be no issue as there are many data points close to each other on the loading 
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and unloading portions of the curve. However, each of the figures shows a marked 

difference between the peak of the test data and the bounds of the 15% interval, anywhere 

in which the actual force value could be. The error as a direct result of the equipment 

identifies why drop tower testing is typically performed as a comparison to other 

materials given the same circumstances rather than a test to obtain data for a single 

sample or set of samples. An additional source of error was the DAQ card’s sampling 

rate. The recent upgrade to one with a higher and more precise sampling rate (100kHz 

and 12-bit resolution) alleviated this error for later tests, though no egregious differences 

were visible between the samples tested using the previous DAQ card. 

 

 

Figure 3.49 – Carbon Fiber Lamiante Test Plotted with 15% Confidence Interval 
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CHAPTER FOUR 
 

Finite Element Model 
 

4.1 Introduction 
 

4.1.1 Purpose of Finite Element Model 
 

While the experimental testing discussed at length in Chapter Three reveals key 

information about the material’s response under a given loading scenario, manufacturing 

of samples is time consuming and costly. The estimated cost of chemicals for a single 

synthesis run is $21, assuming the equipment has already been acquired. This combined 

with the approximately 4 hours to run from start to finish as well as the time to 

manufacture laminates quickly adds up. Each laminate set can only be tested once, 

requiring a significant number of samples to be made for full comprehension. In stark 

contrast, a computational model permits the user to alter any number of parameters to 

obtain the likely outcome of a test without costing significant man-hours. However, the 

results of such studies are only valid if as many parameters and constraints on the system 

are included to completely recreate the correct physics. With the relatively simple 

experimental setup, it is believed to be replicable within a software package to provide 

pertinent analysis of system as well as shed light on characteristics to be altered for the 

best possible outcome. The decision of software type will guide the amount of parameters 

to be accounted for and what key assumptions must be made in order to proceed. This 

tool would be useful for future representation of the system and have the ability to 

include material and impactor properties to gain insight about the sample’s performance 
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under the given conditions. ABAQUS, LS-DYNA and COMSOL are among the most 

popular for time-dependent problems such as the impact event studied here. Without 

access to the others, COMSOL Multiphysics® is selected at the outset of the research and 

used for all models created and talked about in this section. A time-dependent study using 

the Solid Mechanics module is used to generate an impact model. COMOSL permits both 

SI and Customary units to be used, performing unit conversions within the software. 

 
4.1.2 The Contact Pair Feature in COMSOL 
 

For continued progression of the model, the concept of contact is addressed using 

the tunable Contact Pair feature. A source, the initiator of contact, and a destination, the 

body experiencing contact, define a Contact Pair. Typically, these are defined as the 

boundaries that come into contact rather than the entire domains to reduce solution time. 

To fully understand its application and functionality, a brief investigation into prior 

experience with the feature is performed. Additionally, an overhaul of the controlling 

physics conditions aids in generating results more consistent with real-world testing. In 

search for guidance on the Contact Pair, limited literature is available and even less so 

regarding the desired impact application. Regardless, Pavelko et al. [103] attempted to 

confirm experimental results from Belingardi  and Vadori [104] using such an approach. 

Though it states no specific material properties used, this paper is primarily used as a 

guide to incorporate additional parameters such as fixed edges, prescribed displacements 

and an added mass in addition to the Contact Pair to the early models for this work. These 

specific inclusions are closer to those required to fully define the impact tower 

conditions. The documented lack of provided material properties, however, does not 

permit the reader to fully recreate his work. Nevertheless, considerable effort is made by 
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tracing sources and selecting the most likely set of parameters to have been used [104], 

[105]. After numerous attempts to replicate the simulation curves and empty 

correspondence with the corresponding author, confirmation of the data seen in the paper 

is abandoned in favor of developing a model to replicate the testing from Chapter Three. 

 
4.2 COMSOL Impact Model Development 

 
 
4.2.1 Ability to Generate an Impact with Realistic Parameters 
 

Considerable changes from initial work resulted in Figure 4.1. The results on the 

left of the figure incorporate material properties generated using the previously coded 

method described by Tandon and Wang [106] of 0º unidirectional carbon fiber plies to 

form a three-layer laminate. The right figure presents the substitution of properties 

characterizing the middle layer to be consistent with estimated bulk properties of carbon 

nanotube forests, available in Table 4.1. The values for shear modulus are generated 

using the relationship from Jones [107] for shear modulus seen in Equation 4.1.  

 

 
(4.1) 

 
 

Table 4.1 – Estimation of Carbon Nanotube Forest Bulk Properties [108] 
 

Exx = Eyy Ezz Gxy = Gxz= Gyz νxy = νyz = νxz 

10 MPa 100 MPa  0.001 

 
 

 

G =
E

2 ⋅ (1+υ)

 

100 MPa
2 ⋅ (1.001)
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Figure 4.1 – First Model Comparing Middle Layer of (a) CF against (b) CNT 

 
At first observation, a higher stress at the site of impact occurs within the solely 

carbon fiber structure. Continued examination reveals both models present symmetry to 

be expected with a center impact on a structure. This symmetry will be utilized later. 

While the model only examines a three-layer structure, a great deal has been altered to 

improve the solution. The first major change addresses the issue of the Contact Pair. 

Rather than a single rectangle, the plate is split into five regions with only the central 

portion selected as the destination boundary of the Contact Pair. Not only does this 

reduce the area of consideration for the dynamic changes, it also permits discretization of 

the domain directly subject to those changes. A smaller area requiring the refined mesh 

accelerates the solution time by allowing the remaining regions to have a coarser mesh, 

reducing the number of degrees of freedom to be solved for. Figure 4.2 shows the 
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complete meshing of such a domain on the left and a focused look at the five regions 

generated by splitting the domain. The placement of the source of impact prior to solving 

is of equal importance to the Contact Pair.  

 

 

Figure 4.2 – Separation of Plate into 5 Sub-Domains 

 
This is addressed during the formulation of the geometry by defining the bottom 

point of the sphere to be atop the center point of the plate, shown by Figure 4.3. The 

sphere is drawn in with the proper dimensions to conform to the ASTM standard, as the 

testing apparatus is unchanged between the tests. The second major change involves the 

fixed external boundaries of the plate. The initial attempt prescribed all boundaries this 

way, but did not integrate well with the other issues plaguing the model. To simplify the 

approach, only two of the four boundaries are prescribed fixed. This directly affects the 

solution as seen by the increased stresses shown by the light blue regions in Figure 4.1. 

An added symmetry is created by this boundary condition, which is to be expected. 

The final change from the original model uses the prescribed velocity to define 

the motion of the sphere. For a period, the prescribed velocity, as opposed to the initial 
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velocity used later, resulted in a complete solution when initial velocities did not. Some 

of  this  error  is  attributed  to  the  type  of  meshing used  while  continued  refinement  of 

boundary conditions on the sphere absorbs the remaining responsibility.  

 

 

Figure 4.3 – Position of Impacting Sphere Relative to Plate 

 
The  alleviation  of  these  issues  is  in  part  due  to  continued  correspondence  with 

technical  support  from  COMSOL [109].  This  guidance  also  suggested  prescribing  the 

centerline of the sphere to prevent rolling that had been prevalent during primary model 

formulation studies. From this generation, parameters are inserted and removed to further 

define the appropriate constraints. Before diving deep into the results of the model’s final 

iteration, a discussion of the incorporated parameters provides an added understanding to 

apply to similar models developed in the future.  

 
4.3 Drop Tower Test Simulation 

 
 
4.3.1 Problem Overview 
 

The initial impact investigation from the prior section prepared the researcher for 

replicating  the  drop  tower  tests  from  Chapter  Three.  To  do  so,  an  impactor,  test  stand, 

and  target  (material  being  struck)  are  created  in  COMSOL.  Material  properties  and 

boundary conditions are assigned to the geometries to generate the response seen in the 
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physical system.  Aluminum consistency and laminate tests are modeled and compared 

with the physical system.  

 
4.3.2 Material Assumptions and Inputs 
 

In assigning the material properties, a linear elastic material model is selected to 

govern all materials simulated. This approximation does not incorporate failure or 

ductility, two considerations that would be of primary focus to include in future 

endeavors. Without these effects, the composition undergoes deformation without 

permanent consequence. It is understood this will not match the experimental results as 

fiber and matrix fracture, permanent deformation and delamination beleaguer those 

samples. Conversely, low velocity testing is not as vigorous as ballistic events. So, the 

assumption is maintained until simulation results provide significant disparity when 

compared with the experimental data.  

 
Table 4.2 – Properties for Aluminum Consistency Test 

 
Young’s Modulus (psi)  Poisson’s Ratio Density (kg/m3) 

10e6  0.33 2700 
 

Table 4.2 provides the material properties for aluminum included throughout the 

modeling study. This includes the aluminum consistency test and the aluminum insert 

within the laminate stack. The second model set incorporates each lamina to form a 10-

layer carbon fiber laminate. Though initial iterations used the Tandon-Wang [106] 

method to develop properties for unidirectional fibers, the final model uses an in-house 

MATLAB code based off of the MESOTEX micromechanical model introduced by Scida 

et al. [110], [111] to generate the properties for the carbon fiber composite lamina. To do 
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this, the Tandon-Wang code uses the geometric and material properties of a single fiber 

tow in addition to the material properties of the resin matrix.  

Table 4.3 shows the inputs used for this study. Some of the properties were 

obtained from the manufacturer’s data sheets, while the shear modulus of the fiber is 

again found using Equation 4.1. Assumptions are made of 0.35 for the Poisson’s ratio of 

the matrix and 0.2 for the Poisson’s ratio of the fiber after communication with Mr. Chris 

Boise [112]. These values showed little change when individually altered. The aspect 

ratio of the fiber is found by dividing the estimated length of the fiber by the width of the 

fiber. Since all fibers of the weave are the carbon fiber, the fill and warp fiber properties 

are equal.  

 
Table 4.3 – Input Properties to Generate Lamina Properties in Table 4.4 

Ematrix(Psi) νmatrix Gmatrix(Psi) wwarp= wfill (in) 

5e5 [113]  0.35 [112] 2.13e5 48.6e-3 

    
Efiber(Psi) νfiber Fiber Volume 

Fraction 
Aspect Ratio of 

Fiber 
33.5e6 [96] 0.2 [112] 0.7 500 

 

Table 4.4 – Carbon Fiber Properties from MESOTEX Output 

Exx (Psi) Eyy (Psi) Ezz (Psi) νxz νyz 

8.39e6  8.39e6 2.03e6 0.073 0.464 

     
νxz Gxy (Psi) Gyz (Psi) Gxz (Psi)  

0.464 6.82e5 6.37e5 6.37e5  
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The Tandon-Wang code returns the stiffness matrix for a representative unit cell 

consisting of resin and fiber. These results are input into the altered MESOTEX code, 

which returns the stiffness of a single lamina. Table 4.4 presents the returned properties 

used, which are carried through the remaining layups as the carbon fiber properties.  

 
4.3.3 Physical Assumptions for Insert Models 
 

One notable difference between the physical system and the computational one is 

each insert composes a complete layer in the model whereas the experimentally tested 

samples were an insert smaller than a complete layer. One purpose of the model is to 

provide the best-case scenario from which to draw conclusions about a possible sublime 

composition of materials.  

The insert lamina is defined as ten times the thickness of a single carbon fiber 

lamina, effectively doubling the thickness of the laminate within the model. Figure 4.4 

compares the considerable thickness difference between the exclusively carbon fiber 

laminates and those including inserts.  

 

 

Figure 4.4 – Thickness Comparison Carbon Fiber Model and Insert Model along with 
Actual Carbon Fiber Sample  
 
 

4.3.3.1 Neglect of Gravity.  While a fundamental concept, gravity is neglected 

within the model. In drop tower testing, potential energy from the raised height is 
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converted  into  kinetic  energy  as  gravity  generates  the  velocity  of  the  impact.  Since  the 

velocity  just  before  impact  is  prescribed  as  an  initial  condition  at  the  outset,  the 

contribution of gravity to the modeled system would achieve slightly increased velocities 

before the destination materials have a chance to respond to the full force of impact. For a 

5ms  time  of  contact,  approximately  50  lbf  that  is  generated  by  gravity  is  neglected. 

Additionally,  the  simulation’s  time  span  investigates  the  initial  contact.  If  the  repeated 

contacts  of  the  drop  tower  required  further  inquiry,  gravity  would  be  paramount  to 

appropriate development. 

 
4.3.4 Model Geometry 
 

All  geometries  drawn  into  the  model  mimic  those  established in  the previous 

chapter. This eliminates a possible hindrance in attempting to obtain results that closely 

resemble those of the experimental testing. One set of rectangles is necessary to develop 

a single layer (or lamina) this geometry as seen in Figure 4.5 

 

Figure 4.5 – Six Sub-domains That Make Up The Test Sample 

 
4.3.4.1 Target domain.  The target domain, depicted in Figure 4.5, is made up of 

six sub-domains. Domain 1 is the placement of the applied load of 150-lbf to simulate the 
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clamping experienced by the test piece to be discussed later. Domains 1, 2, 3, 5 and 6 are 

initially placed on the test stand. The bottom faces of these domains make up the source 

boundaries of the Contact Pair between the target and the test stand. The top of domain 4 

is the destination boundary for the Contact Pair between the impactor and target. 

Symmetries are prescribed on the edges indicated in the figure. No other conditions are 

necessary to represent the test piece.  

 
4.3.4.2 Impactor domain.  Figure 4.6 provides a closer look at the impactor 

geometry. The smaller diameter cylinder acts as a pseudo transducer, allowing the force 

value room to stabilize within the solution. This feature also improved the stability of the 

surface integration in order to assess the force experienced with the model. Prior to this 

addition, the resulting force showed differences depending upon the cross sectional area 

over which the integration is performed to obtain the force. Now, the integration is taken 

over the area at the highest point of the cylinder marked by the red arrow. In order to 

obtain the proper distribution of mass, the impactor head was removed from the drop 

tower and weighed. Placing the mass distribution below the measurement point in the 

model, as is in the physical system, reduced the peak force and more accurately 

represented the system. An example is visible in Figure 4.19 and Figure 4.21 depicting 

the force versus time plot before and after the mass distribution change. 

The larger diameter cylinder adds the additional weight to match that of the 

laboratory drop tower. Because the impactor cannot penetrate the target geometry, the 

additional space occupied by the larger cylindrical diameters will not come into play at 

the impact point. If the model had a way to permit penetration, this geometry would 

require additional evaluation.  
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Figure 4.6 – (a) Physical Impactor and (b) Modeled Impactor  

 
Such a simple geometry also allows the user to test the imposed boundary 

conditions to confirm proper incorporation in the model. One of the vital changes from 

the prior iteration is the imposition of two symmetries available, as seen in Figure 4.7. It 

is accomplished using the Difference feature under the Booleans and Partitions tab. The 

resulting section is 25% of the entire geometry, which is rewarded by decreased solution 

time, a finite resource especially when determining whether or not a solution is correct. 

The symmetry condition set as a result of the difference restricts displacement in the 

normal direction of the face as seen in Figure 4.7. 

 
4.3.4.3 Test stand domain.  Rectangular prisms and a cylinder, exhibited in Figure 

4.8, are fashioned in the model to provide the additional restriction of the rigid test stand. 

Only the bottom surface of the test stand support is prescribed a zero displacement in the 

z-direction, to best replicate the test stand’s effect on the plate. The physical system does 

not have the cylinder buried within the geometry of the test stand as it appears in the 

figure. The support is welded to the bottom of the face, which is why only the bottom 
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portion  of  the  cylinder  is  prescribed.  The  top  faces  of  the  domain,  as  previously 

discussed,  are  selected  as  the  destination  boundaries  for  the  Contact  Pair  between  the 

target and the test stand. 

 

 

Figure 4.7 – Physical System (a) and Model with Boundaries with Symmetry Shown By 
Purple Highlights in (b) 
 
 

 

Figure 4.8 – Modeled Test Stand Geometry with Zero Displacement Condition to 
Replicate the (b) Weld Causing Zero Displacement in Test Stand 
 
 

The next modification is the application of a boundary load of 150 pounds at the 

corner  of  the  geometry  as  seen  in Figure  4.9.  In  the  design  of  the  geometry,  a  corner 

section  was  created  specifically  for  the  application  of  this  boundary  load similar  to  the 
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test  stand  attachment  from  the  previous  chapter.  Although  this  area  does  not  match  the 

circular geometry of the rubber feet on the test stand, a brief study of the boundary load’s 

area revealed less than a 5% change that is negligible given the final model assumptions 

to be discussed shortly.  

 

 

Figure 4.9 – Position of Boundary Load (a) in Model and (b) Rubber Foot on Sample 
 
 

Another  addition  of  the Contact  Pair  is  used  to define  the  interface  between  the 

bottom  of  the  laminate  and  the  top  of  the  test  stand  geometry.  This  condition  does  not 

over  define  the  system,  as  would  be  the  case  by  prescribing  displacements  or  fixing 

edges. The model now consists of two such pairs, one from the above description and the 

interaction between the impactor and laminate. For both, the penalty method approach is 

selected  over  the  augmented  Lagrangian  for  stability  of  the  solver. Rather  than 

prescribing  zero  displacement  on  the  bottom  of  the  sample,  the  presence  of  the  contact 

pair allows the sample to lift off of the test stand as seen in Figure 4.10. At first this was 

thought  to  be  nonphysical,  but  further  examination  of  the  aluminum  samples  showed 

permanent deformation in the piece, suggesting the sample must have been lifted off of 

the test stand.  
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Figure 4.10 – (a) Edge Losing Contact with Test Stand in COMSOL and (b) Aluminum 
Sample Laid Flat to Show Permanent Deformation 
 
 

The final physics-controlled condition is the matter of additional mass to replicate 

the drop tower’s trolley. The complex geometry of the trolley proved to be more difficult 

than expected to recreate. Complexity is avoided by creating two cylindrical geometries 

atop the sphere to simulate the additional mass of the drop tower trolley.  

 
4.4 Final Model Results 

 
 
4.4.1 Final Mesh 
 

The quarter geometry allows for an increase in the number of nodes and elements 

to mesh the geometry, driving towards a more  accurate solution. Four mesh studies are 

performed to confirm any deviation in the solution is dependent upon the applied loading 

conditions,  rather  than  the  mesh.  The  first  study  examines  various  increases  in  edge 

distributions  to  refine  the  mesh.  For  continuity,  all  models  are  run  for  5  ms  with data 

stored at steps of 50 µs. COMSOL utilizes an adaptive solver, so smaller or larger steps 

may be taken, but the data points saved for plotting purposes are at the prescribed values. 

Additionally,  the  initial  velocity of  the  impactor  B is  set  to -10.5  ft/s.  This  value  is 

slightly  below  velocity  expected  from  the  energy  relationship,  but  within  the  limits 

determined through the image analysis in the Chapter Three.  
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Figure 4.11 – Results of First Mesh Study 

 

 

Figure 4.12 – Results of Test Stand Mesh Study (Parameter H) 
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Figure 4.13 – Mesh Study Parameters from Table 4.5 

 
 

Table 4.5 – Parameters and Values Changed for Mesh Study #2 
 

Parameter Description 1st Run 2nd Run 3rd Run 

A 
# of elements around 

impactor 
 

5 6 10 

B 

# of elements, 
distribution ratio 
along z-axis of 

impactor 
 

8,3 10,3 16,6 

C 

# of elements, 
distribution ratio 
along y axis of 
center target 

 

20,20 30,20 40,40 

D 

# of elements, 
distribution ratio 
along x axis of 
center target 

 

15,20 25,20 35,25 

E 
# of elements in 

thickness of target 
 

3 6 10 

F 
# of elements, 

distribution ratio 
along x axis addition 

 

8,4 12,4 20,10 

G 
# of elements along 

y-axis additions 
 

10 12 15 

H Size of Free Tet 
Mesh Normal Finer Extremely Fine 
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Figure 4.14 – Results of Second Mesh Study Examining Parameters in Table 4.5 
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Figure 4.15 – Results of Fourth Mesh Study with Parameter H set to Extremely Fine 
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Parameters subjected to a mesh study are shown in Figure 4.13 and fully defined 

in Table 4.5. The first mesh study results are shown in Figure 4.11 in which the increased 

degrees of freedom shows a progression towards a solution. This investigation examined 

properties B, C, D, and E from Figure 4.13, and each was adjusted to continue driving 

closer to an unchanging solution. Though a solution is being approached, a more 

purposeful tact identifies which of the selected parameters for meshing changes the 

solution the most. This study is presented in Figure 4.12, where Table 4.5 states the 

location and values of the refinements. Refining the parameters that alter the solution the 

most aids in the accuracy of the results presented. Parameter H, or the meshing of the test 

stand, shows a significant decrease in the peak force value of the solution. After seeing 

this, the third mesh study is performed, focusing specifically on the mesh of this domain.  

The results of the second mesh study are presented in Figure 4.14 demonstrating 

the studies asymptotically approach a solution in which further refinement does not 

contribute a tangible change. At that point, additional meshing of the region 

unnecessarily lengthens the solving time. Once this is rectified, the same parameters from 

the second mesh study are reexamined to see if any are substantially altered as a result of 

the new mesh on the test stand. Figure 4.13 presents these runs, in which no change in the 

peak force larger than 60 lbf is found. Since the peak force reading is on the order of 

1000 lbf, the 6% change from peak-to-peak is considered negligible. The initial mesh for 

each of the final mesh study runs is used for the final solutions presented in the next 

section. Figure 4.16 illustrates the final mesh used to generate the results presented later 

in this chapter. All of the values for this mesh come from the 1st run column of Table 4.5 

except for parameter H, which is set to “Extremely Fine”.  
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Figure 4.16 – Resulting (a) Front and (b) Back of Final Mesh following Mesh Studies 

 
After examining the results in Figure 4.15, it is determined no significant changes 

would be made to provide meaningful additional convergence. However, the symmetry 

condition still raised some personal questions about whether or not it would predict the 

same as a full model of the geometry. Figure 4.17 presents the comparison of the quarter 

model versus the complete geometry. Though two data sets are plotted, a single result is 

seen because the two results are identical. With the proper implementation of symmetry 

confirmed, the attention shifts to generating models of samples discussed in the previous 

chapter. The results of each model will be presented individually with a section at the end 

of this chapter attributed to comparing the model with experimental tests. All models use 

a time-dependent study in COMOSL for a time span from 0 to 5 ms with a stored step 

0.00005s. This step size is only prescribed for where to take data points, since COMSOL 

uses an adaptive step solver to progress towards a solution. It is believed the initial steps 

of the adaptive step size solver introduce the initial noise seen in the previous figures.  
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Figure 4.17 – Comparison of Quarter Model against Full Geometry Model of Aluminum 
Consistency Test 
 
 

Before investigating the final set of models, one final consideration is made to 

accelerate the solution time. Rather than create separate rectangular domains representing 

each lamina, the decision is made to group adjacent sets of lamina as one domain. This 

can be seen in Figure 4.18, where the previous model’s thickness is compared with the 

insert model’s thickness. In order to prove this choice would not drastically affect the 

solution, Figure 4.19 illustrates the solutions of the bulk model compared to modeling 

each individual layer. No deviation is seen, confirming the validity of the decision.  

 

 

Figure 4.18 – Comparison of (a) Layered and (b) Bulk Model Thickness Where CF Bulk 
is 5 Carbon Fiber Lamina with Identical Stiffness Tensor 
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Figure 4.19 – Comparison between Bulk Model and Layered Model 

 
4.4.2 Aluminum Consistency Test   
 
 The first model set examines the aluminum consistency tests discussed in section 

3.4.2.3. The target geometry’s modulus, Poisson’s ratio and density match the aluminum 

material used in the experimental testing to best replicate the physical test, given in Table 

4.2 These properties will also be used for the aluminum insert models. Figure 4.17 shows 

the force results plotted in MATLAB for the aluminum consistency test. The peak force 

occurs at 830 lbf. Considering no ductility or permanent deformation occurs within the 

model, the plot visually appears to replicate the experimental tests from Chapter Three, 

and will be further discussed in Section 4.5.  

 
4.4.3 Carbon Fiber Laminate Test 
 

Figure 4.20 is the resulting force plot for the carbon fiber stack. The model’s peak 

force occurs at 750 lbf and the time period of the impact appears to extend beyond the 5 
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ms mark that all tests are run for. The material is less stiff in the through thickness 

direction, but more stiff in-plane which leads to the extension of the impact duration.   

 

 

Figure 4.20 – Force versus Time Result for Carbon Fiber Impact Test 

 
4.4.4 Laminate Insert Models 
 

The force versus time plot of the LDPE insert model is shown in Figure 4.21 with 

a peak force of 820 lbf. As an added comparison, the modulus of the insert is adjusted to 

three times greater than and three times less than that of LDPE, which is 430 ksi. This 

comparison of the force versus time profiles is seen in Figure 4.22. As expected the 

stiffer materials experienced a higher peak force and shorter time period for the impact 

while the lower modulus model had the lowest peak force and a longer duration of 

impact. The lowest modulus model, however, presented cause for concern in trying to 

incorporate the CNT response into the model. Using the same mesh sizing for all models, 

the softer material experiences larger deformation than the surrounding materials.  

This causes the softer material to compress faster than the surrounding carbon 

fiber material, creating a momentary spike in the solution that is not seen in the physical 
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system. In an effort to eliminate this problem, the mesh of the insert layer is made 

coarser, leading to stability of the solution. A plot of bulk CNT parameters is also 

included, whose parameter values are on the same order of magnitude as a third of the 

LDPE modulus. Results from Chapter Three showed the LDPE and CNT laminates 

performed similarly. The modeling results present this trend, providing further 

confirmation the model reasonably represents the system. One important change of note 

from the higher LDPE modulus to the lower LDPE and bulk CNT moduli is the mesh 

prescribed for the insert boundary.  

 

 

Figure 4.21 – Force versus Time Result of LDPE Insert Model 
 
 

Mesh distortion occurred with the finer mesh, creating numerical instabilities that 

are nonphysical. These results can be seen in Figure 4.23. Figure 4.24 shows a time step 

progression of the mesh in which the latter pictures show how truly disfigured the mesh 

became. This is attributed to large strains that caused the elements to turn on themselves. 
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After correcting this by using a single element through the thickness for the softer insert, 

the smaller LDPE and bulk CNT moduli models were included in Figure 4.22.  

 

 

Figure 4.22 – Force versus Time Comparison of LDPE with the Alternated LDPE Moduli 
and Bulk CNT Properties from Table 4.1 
 
 

 

Figure 4.23 – Force versus Time Plot of Nonphysical Impact Model 
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Figure 4.24 – Progression of Refined Mesh Creating Nonphysical System 
 

The final model is of the aluminum insert. Figure 4.25 shows the force versus 

time plot for this model with a peak force of 1,700 lbf. The shorter time span of the 

impact correlates to the stiffened system, as expected. In comparing the models to each 

other, the aluminum insert model calculates the largest peak force, significantly 

improving from the carbon fiber prediction. The LDPE insert presents modest gains as 

well. According to these results, the aluminum insert drastically enhances the system 

under the impact loading prescribed within.  

 
Table 4.6 – Material Parameters for Laminate Inserts 

 
 

Material Modulus (Pa) Poisson’s Ratio Density (kg/m3) 

AL 6.89e10 0.33 2700 

LDPE 300e8 0.45 919 
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Figure 4.25 – Force versus Time Plot of Aluminum Insert Model 

 

 

Figure 4.26 – Comparison of COMSOL Model to Experimental Testing of (a) Aluminum 
Consistency Test, (b) Carbon Fiber Laminate, (c) Carbon Fiber Laminate with Aluminum 
Insert and (d) Carbon Fiber Laminate with LDPE Insert 
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4.5 Comparison of Modeling Results with Experimental Test Results 

This section  combines  the  prior  chapter  results  with  those  presented  in  this 

chapter to determine the degree of correlation between the model and experiment. Figure 

4.26 presents  all  models  discussed  in  this  chapter  plotted  alongside  the  experimental 

results  from  Chapter  Three.  The  red  arrow  in  each  of  the  plots  indicates  the point  at 

which the model and experiment deviate. Of the four presented, only the aluminum insert 

model in Figure 4.26c shows a distinct difference during the loading. Alternatively, the 

sudden drop as a result of fracture supports the notion that the model overestimates the 

peak  force  since failure conditions  are  not  accounted  for  in  the  model. Figure  4.26a 

appears  to  be  the  closest  to  accurately reproducing  the  test,  but  the  permanent 

deformation present in the samples is not accounted  for.  Decreasing the velocity  would 

lower  the peak  force  at  the  consequence  of  deviating  from  the  prescribed  conditions 

needed to replicate the drop tower test. Changes to the stiffness and mass could lower the 

peak force, but also would change the duration of impact. 

  
4.6 Reexamination of Impact Model through 1-D Spring Mass Model 

 
For  another  look  at  the  system,  a  simple  one-dimensional  spring-mass  model  is 

developed for comparison between the experimental results and COMSOL model of the 

aluminum consistency test. A schematic is shown in Figure 4.27.  

 

 

Figure 4.27 – Schematic of 1-D Spring Mass Model 
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This system is void of any friction or gravitational effects, similar to the full 3-D 

model. Without the presence of a damper or external applied, the ODE for this system is: 

The velocity of the impact, the impactor mass, and stiffness terms make up the ODE seen 

in Equation 4.1.  

0=+ kxxm   (4.1) 
 
The initial conditions of x(0)=0 and x’(0)=v0 are used to approximate the system. Based 

on these assumptions and initial conditions, the resulting displacement solution for the 1-

D spring mass system is seen in Equation 4.2. 

 

x t( ) = v0
m
k

sin
k
m

t
 

 
 

 

 
  (4.2) 

 
The force can then be obtained multiplying the above equation by the stiffness, k, shown 

in Equation 4.3. 

 

F t( ) = k * x t( ) = v0 k * m sin
k
m

t
 

 
 

 

 
  (4.3) 

 
Examining this equation, it is evident how certain values would dictate the solution. 

Lowering the initial velocity would bring the peak force down, but doing so when trying 

to replicate the impact event, would deviate from the measured drop tower conditions.  

The relationship between stiffness and mass is coupled in the square root as seen above. 

Removing the drop trolley components, massing the individual pieces and adding those 

values together confirmed the system’s mass. Changing the mass from this value within 

the equation would lead to some deviation of the system’s approximation, but this effect 

is diminished by the presences of the square root. The final term to examine is the 

stiffness, k. This term greatly affects the force response, since k is directly proportional to 

force in Equation 4.3.  
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 A brief investigation is performed to understand and quantify the impact each 

term has on the 1-D model. To start, the velocity and mass are taken from the drop tower 

values implemented in the COMSOL model earlier in this chapter. A value for stiffness 

of 211862.7 kg/s2 is used in order to match the peak force of the 1-D model with that of 

the COMSOL model. This result is plotted in Figure 4.28. From here, each parameter 

(stiffness, mass and velocity) is increased and decresed by 10% to determine the affect on 

the peak force. 

 

 

Figure 4.28 – One Dimensional Simluation to Match COMSOL Model Peak Force 
 
 

The 10% increases in either stiffness or m result in a 4.88% increase in the peak 

force, whereas the 10% decrease in these terms results in a 5.14% reduction in the peak 

force. On the other hand, a 10% change in the velocity, increase or decrease, results in a 

10% change in the peak force identical to the change in the velocity. Again, the force is 

directly proportional to the stiffness. To replicate the experimental test, the velocity is set 



 
 

146 

to 1.95 m/s, the mass is set to 2.061 kg, and the stiffness is set to 6.3548e5 kg/s2. This 

results in the 1-D simulation almost replicating the experiment as shown in Figure 4.29.  

With regards to the accuracy of the COMSOL model, this shows parameters can 

be tuned to obtain the experimental results. The terms implemented in COMSOL for 

mass and velocity are believed to be accurate. From this investigation, it appears the 

stiffness term in the model could be reexamined to better replicate the impact event. 

 

 

Figure 4.29 – One Dimensional Simluation to Match Experimental Data 
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CHAPTER FIVE 
 

Conclusions and Future Work 
 
 

5.1 Conclusions 
 

The strength-to-weight advantage of carbon fiber composites has increased its use 

in the aerospace, defense and consumer goods sectors over the last decade. As new uses 

are discovered, the understanding of the material’s response under impact loadings is 

critical for safety and extreme environments. Similarly, the CNT research field is 

saturated with novel investigations searching to unlock the full potential of the material. 

In this research carbon fiber laminates with VACNTs were infused with a polymer matrix 

to create a composite with the long-term vision of enhancing the impact resistance of 

carbon fiber composites and to lend insight to the potential application as ballistic armor. 

A battery of experiments was performed as part of this thesis to lay the foundation upon 

which future studies moving toward ballistic applications with CNT systems. 

 
5.1.1 Manufacturing of Samples and Experimental Testing 
 

This thesis presented the manufacturing technique employed for the fabrication of 

the composite system. A discussion was introduced to highlight the manufacturing 

variability along with direction to eliminate part-to-part variability as the process is 

transitioned over to industrial production. Chapter Three provides details regarding the 

CNT synthesis process and a review of laminate manufacturing. Included in these 

discussions are the health and safety considerations to be made while working with all of 

the materials, but specifically the CNTs and chemicals to create them. Prior to the present 



 
 

148 

work, the laminate manufacturing capabilities existed within Baylor’s laboratories 

whereas the CNT synthesis did not. System upgrades were made to the synthesis setup 

obtained from researchers at California Institute of Technology, and processes were 

introduced and discussed in this thesis to streamline the process and eradicate 

inconsistencies. Microscopy results were provided to substantiate the claim CNTs are 

actually created. Considerable repetition with each technique led to the formation of 

samples with extremely limited variability as demonstrated by the density measurements 

and the compression test results.  Compression tests were performed on an Instron 3344 

to confirm sample-to-sample compressive response and the data reduction to generate a 

stress-strain profile was completed using a custom MATLAB program. The resulting 

stress-strain response was compared with that available in the literature. The differences 

are speculated to be the measured increased bulk density and suspected increase in 

catalyst particles within the structure.  

Carbon fiber laminated composites were made using the VARTM technique. In 

addition to including CNT samples, aluminum-6061 and LDPE inserts of comparable 

areas and thicknesses were placed in laminates to test each laminate set against the base 

carbon fiber structure under impact loading. Due to the size limitations of the resulting 

CNT samples, the inserts do not compose a full layer. In the future, it is recommended 

that researchers construct the means to fabricate larger CNT samples to allow a CNT 

sample that encompasses the span of the drop tower test sample. Drop tower test results 

to investigate the impact of the resin and the resin cure cycle were performed to highlight 

the dependence of manufacturing and matrix selection. 
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Figure 5.1 – Comparison of Pro-set Laminates Drop Tower Tested 
 
 

As part of this thesis work, a new test stand was designed and fabricated in-house 

to conform to the ASTM D7136 standard as closely possible. Size limitations prevented 

full compliance, but were considered minor in scope and are discussed in Chapter Three. 

As part of this effort, a new LabView module to capture the full drop test was 

constructed. The previous data acquisition system and software for the drop tower had 

limited precision and inconsistent results.  

 
Table 5.1 – Mean Peak Forces and Improvement from Carbon Fiber Base Lamiante 

 
Measurments CF CF/CNT CF/AL CF/LDPE 

Mean peak force 
(lbf) 310 ± 25 350 ± 24 550 ± 90 390 ± 63 

% force 
improvement N/A 12.9 77.4 25.8 

 
 

Results generated, shown concisely in Table 5.1 and Table 5.2, demonstrate that 

each of the material inserts investigated yielded an increase in the peak force response 
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prior to failure when compared with the base carbon fiber laminate. The results from the 

modeling efforts indicate that this is not surprising, as the increase in the thickness will 

contribute to the peak forces that can be obtained.  

 
Table 5.2 – Aerial Densities and Comparison of Insert Lamiante 

 
Measurments CF CF/CNT CF/AL CF/LDPE 

Insert aerial density (g/cm2) N/A 0.08 0.41 0.14 

Laminate aerial density (g/cm2) 1.9 1.98 2.31 2.04 

% change in aerial density N/A 4.2 21.6 7.4 

% force improvement divided 
by % change in aerial density N/A 3.1 3.6 3.5 

 
 

The CNT insert showed a 13% improvement (310 lbf to 350 lbf) on the order of 

the carbon fiber samples while the aluminum insert outperformed that of the CNT system 

by 57% (350 lbf to 550 lbf). The LDPE insert showed a 9% improvement (310 lbf to 390 

lbf) to the CNT system. It is worth noting for a thickness of 1.5 mm that the aerial density 

of the CNT is 0.08 g/cm2 whereas the aluminum sample is 0.41 g/cm2, thus this increase 

of 57% comes at the expense of a factor of 5 in the relative masses. The slight difference 

between CNTs and LDPE inserts, with an aerial density of 0.14 g/cm2, suggests the CNT 

structures formulated for this study perform similarly to LDPE. Moving forward, the 

lower relative cost of LDPE and increase in peak force performance warrants its selection 

over the CNT structures under these circumstances. The aluminum insert considerably 

surpasses the other options. However, the multifunctionailty aspect is only possible with 

the CNTs. Of the altered resin formulations and post-cures, the Ashland resin without 

furnace post-cure outperformed the Pro–set and Ashland resins using a raised 
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temperature post-cure by 31% and 24%, respectively. It is believed the resin chemistry 

could be a source of significant improvement, controlling the impact response more than 

the fiber or insert individually would. Comparing the published flexural strength, tensile 

and flexural moduli, the Ashland resin outperforms the Pro–set by 12%, 2%, and 12%, 

respectively [97], [113]. In future efforts, it is suspected maximizing both the flexural 

strength and modulus could continue to improve the peak force performance. 

 
5.1.2 Finite Element Modeling 
 
 Within this thesis a finite element model was developed to allow for the future 

design within the computational framework to desirable material characteristics for a 

material insert within a laminated composite structure. A significant contribution from 

this work was in identifying the proper boundary conditions to mimic the ASTM test 

platform. A variety of mesh studies were performed to insure a convergent solution had 

been approached. Four simulations were created for comparison with the experimental 

test results. The aluminum consistency model predicted a peak force of 830 lbf, 58% 

higher than the peak from experimental testing. The carbon fiber laminate model 

calculated a peak force of 750 lbf, nearly twice the as tested value. The aluminum and 

LDPE insert models estimated a peak force of 1,700 lbf and 820 lbf. The former 

estimated a peak almost 2.5x greater than the experiments while the latter predicted a 

force 78% above the tested samples. Though the peak forces are different, the time period 

of the impact is very similar to the tests. Since the time period is comparable, it is 

hypothesized a reduction in the initial velocity would reduce the peak force to match the 

test. However, before doing so, further confirmation of the drop tower’s actual velocity is 

necessary. Verifying the velocity just before impact would eliminate that variable as a 
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possible contribution to the differences, signifying other changes to be made to replicate 

the experimental results.  

 
5.2 Future Work 

 
 The subsequent studies are suggested for future investigations a greater depth.  

 
5.2.1 – CVD Configuration Modification and Enhancements 
 

Section 3.1.5 examined the updates to the synthesis setup, and it was mentioned 

that there is a need to construct a system that is easier to clean and replace if ever broken. 

In addition it is desirable to reduce the footprint of the system to save on valuable fume 

hood space. A possible avenue of consideration could be the replacement of the quartz 

end caps in favor of cheaper, off-the-shelf type components such as that available from 

McMaster-Carr. This would alleviate the necessary lead-time during the ordering process 

to properly fuse the appropriate end caps to adjoin the inlet and exit connections with the 

reaction space.  

An “off-the-shelf” type of replacement of the quartz tubing could facilitate 

consolidation of the overall footprint, freeing up much needed laboratory fume hood 

space. Figure 5.2 depicts a schematic of such a redesign. Of significance is the placement 

of the syringe pump and mass flow controller above the furnace. While appearing to be 

an issue when opening the furnace, the intended design would allow the tray holding 

those components to be removed from the stand. Such a feature would permit access to 

the furnace to place the furnace tube and fit within the width constraint inside the 4 ft 

fume hood.  
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The use of a constant diameter quartz tube will allow the fabrication of larger 

silicon wafers to be placed within the CVD chamber, and thus larger VACNT samples. 

The current quartz tube configuration has a reduced cross section at the inlet, and thus 

reduces the sample size by nearly a factor of 2 from that of the tube itself. As the 

synthesis process utilizes a vapor to initiate deposition and translate the material to be 

synthesized, it is anticipated that the process parameters of temperature, flow rate, etc. 

will need nominal if any modifications to yield the growth rates observed in this thesis. 

 

 

Figure 5.2 – Schematic of Possible System Redesign 

 
5.2.2 – Multifunctional VACNTs 
 

Based on the results from this thesis, the VACNTs do now show the promise as 

hoped for in enhancing the ballistic resistance of carbon fiber composites. Fortunately, 

their incorporation into the laminated system did not demonstrate a reduction in 

properties, and a slight increase was observed.  This nominal increase leaves the potential 

for a multifunctional configuration where the electrical properties are a function of stress 

and thus may play a potential role in damage detection as a pseudo-structural sensor. This 
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concept  was  briefly  investigated  by  placing wires on  both  sides  of  a  CNT  sample  and 

enclosed by electrical tape as seen in Figure 5.3.  

 

 

Figure 5.3 – Electrical Sensor Test Sample 

 
The  ends  of  the  wire  were  connected  to  a  multimeter  prior  to  the  initiation  of  a 

compression test similar to the one discussed at length in Section 3.2.3. However, rather 

than  focusing  on  the  mechanical  properties  by  running  a  continuous  test,  the  load  was 

increased  starting  from  0  to  600  N and  back  to  0  N in increments  of  100  N,  visually 

capturing and writing down the value of resistance  displayed by the multimeter at each 

pause  between  load  changes.  These  preliminary  results  are  available  in Figure  5.4. At 

higher  load  values,  the resistivity appears  to  decline  by  a  measurable  amount and  then 

attains a constant value of 0.0063 Ω m for loads above 6 MegaPascals, ameliorating the 

case for use of these forests as impact or contact sensors. The type of connection from the 

CNTs to the wiring has some room for improvement. It was observed the wire leads were 

pressed into the CNT sample, creating a region of increased stress. To avoid this in the 

Wires That 
Connect to 
Multimeter 

CNT Sample 
Enclosed by 
Electrical 
Tape 
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future, copper tape could be placed atop and on the bottom of the sample with conductive 

paint, typically used with SEM samples. It is believed this would allow for the load to be 

distributed across the top surface of the CNT sample rather than at the points directly 

beneath the wire. A multi-functionality direction of slightly improved impact properties 

as well as the ability to sense that impact could result in a transformative application in 

scenarios where detection of a damage exceeding an allowable critical stress. One such 

example could be a composite airplane wing. The sensor, located within or directly 

behind the composite structure, would indicate that damage has occurred. It may even be 

possible to provide a degree of damage until the resistivity asymptotically approaches the 

floor of the resistivity range. This is a similar concept to shock sensor on shipping 

container. However, shipping sensors, such as those from ShockWatch®, rely on 

accelerometers eclipsing a value rather than the degree of impact force [114]. 

 

 

Figure 5.4 – Resistivity versus Stress during Compression Test, where Resistance of Wire 
is 0.216 Ω 
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5.2.3 – Nonlinear and Plastic Damage Modeling for Use as a Design Tool 
 

Another possible approach would be the expanded computational modeling of the 

impact event. Key assumptions differentiate the current model from fully representing the 

physical system, most influential of which are the linear elastic material model and 

absence of failure envelope. The former limited the accuracy once plastic deformation 

occurred, but showed agreement in the initial loading portions when assessed against the 

experimental testing. Nevertheless, the incorporation of a failure envelope would greatly 

aid the attempt to completely replicate the onset of failure in such complex systems. 

Failure criterion, such as Tsai-Wu [115] or micro-mechanics of failure [116], could be 

used to incorporate the projected failure of the laminate into the model using the material 

properties already documented in the previous chapter and others obtained through 

material characterization testing. Upgrading to the nonlinear structural materials module 

available from COMSOL [117] could help to account for plastic deformation.  

 

 

Figure 5.5 – Comparison of Through Thickness Placement of CNT Insert 



 
 

157 

Figure 5.5 shows force versus time plots of placing the bulk CNT layer at various 

locations in the through thickness of the modeled layup. This interest is two fold. First, 

this figure shows the placement of the inserts is more ideal further from the impact site. 

Rather than it being in the middle of the layup, the model with only two layers of carbon 

fiber below the insert shows the highest peak force. The second advantage is the ability to 

use COMSOL model as a design tool for determining ideal layups or materials to best 

limit impact damage, protecting whatever is behind the laminate.  

 
5.2.4 – Limited Damage Drop Tower Testing and Ultrasound Scanning 
 

While the main focus of the work is determining impact response validity, a 

momentary aside investigates the use of non-destructive testing to examine subsurface 

damage as a result of limited impact damage. Stair’s work [94] using C-scan ultrasound 

scanning setup is used for the following brief study. 

 
5.2.4.1 Ultrasound basics.  The ultrasound system uses a spherically focused 

transducer to complete the C-scan allowing a high spatial resolution of the scan location 

for the A-scan. With the different materials making up the composite, the incident wave 

is broken into a reflected and refracted wave. This ratio is controlled by each material’s 

speed of sound through Snell’s Law (see e.g. [118]). Since a composite is composed of 

different materials through the thickness, there can be many reflection and refraction 

waves traveling at once. A custom LabVIEW program gathers the A-scans and store 

them corresponding to the location to formulate the B-scan along a line. The collection of 

B-scans in a grid is referred to as a C-scan, which is the type of scan typically associated 

with ultrasonic measurements.   
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5.2.4.2 Ultrasound use for this work.  Three samples are damaged with varying 

energies from different drop heights. Two samples showed damage on the exterior of the 

laminate, at the point of impact and the underside where the energy is transmitted. The 

first laminate experiences an impact of 18 pounds from a height of 3’3’’. The extent of 

damage to this laminate, seen in Figure 5.6, does not require further investigation.  

 

 

Figure 5.6 – First Laminate Post Drop Tower Test 
 

The second laminate in Figure 5.7 experienced an impact of approximately 14 

pounds from a height of 2’4”. The damage visible following impact is also obtainable 

through the ultrasound scan. Finally, the third laminate provides interesting results. Prior 

to scanning, the laminate is damaged using a total drop tower weight of six pounds from 

one foot above the laminate. Figure 5.8 shows the damage unable to be viewed without 

further damage to the part or scan executed to produce the figure. An apparent take away 

is the ability to examine damage induced from low energy impacts. A structure, assumed 

to be otherwise intact, could have invisible structural impairment, limiting or otherwise 

devastating the designed response to more significant impact damage.  
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Figure 5.7 – (a) Screen Shot of Ultrasound C-Scan of Second Laminate and (b) Backside 
of Impacted Laminate  
 
 

 

Figure 5.8 – (a) Screen Shot of Ultrasound C-Scan of Thrid Laminate and (b) Backside of 
Impacted Laminate  
 
 
5.2.5 – Ballistic Testing and Preliminary Qualitative Study 
 

The following tests are qualitative in nature and no quantifiable data was retained 

from the study, as the focus of this effort is an investigative and informative step towards 

the intended long-term dream of improved body armor seen in Figure 5.9. 

The  limitations  of  the  range  and  sample  size  prohibited  the  use  of  a  ballistic 

testing chamber such as the one seen in Figure 5.10 developed by the author as part of his 

undergraduate senior design project. A full quantifiable study would require the use of a 

ballistics chamber, of “bullet trap” as it is called by Waco Composites, the fabricator of 
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ArmorCore, as a quality control device. The chamber in Figure 5.4 conforms to local and 

state safety requirements for performing testing that adhere to the variety of tests that fall 

under the UL 752 standard [77]. Unfortunately this chamber was not configured for 

testing of the laminates created in this thesis.  The chamber requires samples considerably 

larger than those that could be created, as noted in Figure 5.11, within the small CVD 

chamber in use to synthesize the VACNTs. 

 

 

Figure 5.9 – (a) Front and (b) Back Views of Preliminary Body Armor Design 

 
The following ballistic testing is performed at a closed range under the 

supervision and guidance of a certified range instructor. Figure 5.12 shows a comparison 

between samples tested with and without a CNT insert. These laminates had previously 

been drop tower tested with equal impact energy (ie. same drop height and impactor 

mass). Figure 5.12(a) and (b) show a laminate including CNTs, while (c) and (d) was 

only carbon fiber. Both laminates were twelve layers of plain weave carbon fiber using 

the same Ashland resin system from Chapter Three without a post cure. (The CNT insert 
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was placed in the middle of a 12-layer laminate between layers 6 and 7, similar to the 

insert diagram in Chapter Three.)  

 

 

Figure 5.10 – Testing Chamber Currently in Use at Waco Composites 

 
Each of these laminates was tested with another twelve-layer carbon fiber 

laminate placed in front of it. After previous preliminary testing revealed a single carbon 

fiber laminate of this construction could stop a .22LR round, a .40 FMJ (full metal jacket) 

round was used to determine if a discernable difference was present. Both laminates in 

the subsequent figure were tested using the same firearm and ammunition from a distance 

of approximately 6 ft.  

The immediate takeaway is the round did not penetrate the laminate with CNTs 

after completely passing through the front carbon fiber lamiante. However, severe 

delamiantion and permanent destruction to the structure was present. On the other hand, 

the carbon fiber laminate did not experience significant delamination. This laminate had a 

clean pass through, even after the round had completely penetrated the initial carbon fiber 

laminate. This pilot test shows this construction shows promise, but absolute conclusions 

regarding its viability are reserved in favor of a fully vetted study. 
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Figure 5.11 – Size Comparison of (1) Ballistic Panels Tested Under UL 752 Guidelines 
against (2) Laminates Manufacture for This Study 
 
 

 

Figure 5.12 – Carbon Fiber and VACNT Laminate (a) and (b) Compared with a Carbon 
Fiber Laminate (c) and (d) Following Ballistic Test. (Note: The Red Arrows in (c) and (d) 
Show the Entrance and Exit, Respectively) 
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