


ABSTRACT 

Hypervelocity impact studies of carbon nanotubes and fiber-reinforced 
polymer nanocomposites 

by 

Suman Khatiwada 

This dissertation studies the hypervelocity impact characteristics of carbon 

nanotubes (CNTs), and investigates the use of CNTs as reinforcements in ultra-high 

molecular weight polyethylene (UHMWPE) fiber composites for hypervelocity impact 

shielding applications.  

The first part of this dissertation is aimed at developing an understanding of the 

hypervelocity impact response of CNTs – at the nanotube level. Impact experiments are 

designed with CNTs as projectiles to impact and crater aluminum plates. The results 

show that carbon nanotubes are resistant to the high-energy shock pressures and the ultra-

high strain loading during hypervelocity impacts. Under our experimental conditions, 

single-walled carbon nanotubes survive impacts up to 4.07 km/s, but transform to 

graphitic ribbons and nanodiamonds at higher impact velocities. The nanodiamonds are 

metastable and transform to onion-like nanocarbon over time. Double-walled carbon 

nanotubes retain their form and structure even at impacts over 7 km/s. Higher 

hypervelocity impact resistance of DWCNTs could be attributed to the absorption of 

additional energy due to relative motion between the layers in the transverse direction of 

these coaxial nanotubes. 

The second part of this dissertation researches the effect of reinforcement of 

carbon nanotubes and their buckypapers on the hypervelocity impact shielding properties 



	  	   	   	   	  

	  

	  

of UHMWPE-fiber composites arranged in a Whipple Shield configuration (a shield 

design used for the protection of the international space station from hypervelocity 

impacts by orbital debris). Composite laminates were prepared via compression molding 

and nanotube buckypapers via vacuum filtration. Dispersed nanotubes were introduced to 

the composite laminates via direct spraying onto the fabric prior to composite processing. 

The experimental results show that nanotubes dispersed in polymer matrix do not affect 

the hypervelocity impact resistance of the composite system. Nanotube buckypapers, 

however, improve the impact resistance of the composite, owing to the collective 

dampening of the shock wave amplitudes by the interconnected nanotube network in a 

buckypaper. The location of the buckypaper inside the composite, its thickness, and its 

surface modification with metals, all affect its hypervelocity impact shielding properties. 

Buckypaper coated with nickel and placed on the top surface of the UHMWPE-fiber 

composite provides the best impact resistance. Physical properties such as high bulk 

speed of sound in the nanotubes, and a combination of high density and high bulk speed 

of sound in nickel make the nickel-coated buckypaper a good hypervelocity impact 

shielding material.  

In addition, an explorative study on the use of nanograin metals for hypervelocity 

impact shielding was conducted.
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Chapter 1. Introduction 

 

Earth travels around the sun at 30 kilometers per second (km/s) or 67,000 miles 

per hour (mph) [1]. Spacecrafts such as international space station and other satellites in 

the Lower Earth Orbit (LEO) travel around the Earth at about 7 km/s (15,600 mph). 

These celestial speeds are known as hypervelocities.  

In the realm of hypervelocity, collision of two bodies often results in destruction 

or disintegration via change of state of the materials. The pressures during hypervelocity 

impacts are so great that even a small screw or a peel of paint from an old, 

decommissioned satellite in the LEO can cause catastrophic damage to a working 

spacecraft weighing thousands of pounds. To protect the spacecrafts from such 

hypervelocity impact damage, sacrificial metal plates (debris bumpers) are used as 

shields. In addition, metals are the primary materials of choice as the structural 

components of the spacecrafts. All these metal components add significant weight and 

consequently, cost to the spacecrafts.  

Lightweight fiber-reinforced polymer matrix composites are finding increasing 

use in spacecraft structures and satellite components due to their high strength-to-weight 

ratio, high stiffness and low coefficient of thermal expansion which result in lower launch 

costs in comparison to metals [2]. Moreover, since their discovery in 1991 [3], carbon 

nanotubes (CNTs) have been extensively studied for their potential uses in many 

engineering applications, including aerospace and defense [4-10], mainly as 

reinforcements in composite systems [11-18]. As these new materials become available 

for use, the spacecraft designers must have detailed understanding of the response of 
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various spacecraft components and structural elements under hypervelocity impact 

loading conditions [19]. 

This dissertation investigates the hypervelocity impact properties of CNTs–at the 

nanotube level, and of the CNT-integrated ultra-high molecular weight polyethylene 

(UHMWPE) fiber composite laminates. Polyethylene is lightweight, provides good 

radiation resistance and is a good dielectric material. UHMWPE-fiber has excellent 

ballistic impact properties, owing to its high strain-to-failure and specific strength [20]. 

CNTs have excellent mechanical, electrical, optical and thermal properties. Buckypapers, 

that are thin sheets of CNTs, have shown potential for use in high velocity ballistic armor 

applications [21,22]. They can also provide electrical connectivity, act as a heat sink and 

provide electromagnetic interference shielding to electronics. Together, CNTs and 

UHMWPE-fiber provide true multifunctional attributes to a composite system. Single-

walled CNTs (SWCNTs) have low density (1.33 g/cm3) [23], but high values for the bulk 

speed of sound (21 km/s in longitudinal axis and 14 km/s in torsional axis) [24], which is 

an important characteristic of a good hypervelocity impact shielding material. In addition, 

Makeev and Srivastava (2008) [25] and Makeev et al (2009) [6] have shown that the 

CNTs present in a composite matrix significantly dampen the amplitude of shock waves, 

making them useful for hypersonic velocity impact protection.  

Following brief backgrounds on relevant fundamental science and experimental 

techniques, the first part of this dissertation is aimed at developing an understanding of 

the hypervelocity impact response of carbon nanotubes – at the nanotube level. 

Hypervelocity impact experiments are designed and executed with a two-stage light gas 

gun, followed by post-impact materials analysis for single-walled and double-walled 
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CNTs. Emphasis is given to studying the phase transformation and/or survivability of the 

nanocarbon subjected to the hypervelocity impact conditions. The second part of this 

dissertation researches the effect of various types of CNT-reinforcements (such as 

dispersed CNTs, buckypapers, nickel-coated buckypapers) on the hypervelocity impact 

shielding properties of UHMWPE-fiber composites. Composite systems integrated with 

SWCNTs dispersed in polymer matrix and in the form of buckypapers are studied. The 

effects on the hypervelocity impact properties of the composite due to the location of 

buckypaper reinforcement; buckypaper thickness and surface modification of buckypaper 

with nickel are studied and analyzed. 

An explorative study on the differences in the hypervelocity impact properties of 

a nanograin aluminum alloy from its micrograin counterpart is included as appendix to 

this dissertation.  

Broadly, the research conducted in this dissertation provides novel scientific 

understanding on the application of carbon nanotechnology on the realm of hypervelocity 

impact phenomena.  More specifically, this research develops a new understanding of the 

response of CNTs to the high pressure and ultra-high strain conditions of hypervelocity 

impacts, and of the effects of various CNT-reinforcements on the hypervelocity impact 

properties of fiber-reinforced polymer composites.  
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Chapter 2. 

Hypervelocity Impact Phenomena 
 

2.1. Introduction 

2.2. Shock wave origination and propagation during hypervelocity impacts 

2.3. Hypervelocity impact cratering 

2.4. Hypervelocity impact penetration and spallation 

 

2.1. Introduction 

A hypervelocity impact (HVI) event generates strong shock waves on the impactor and 

the target materials [1]. These shock waves impart large amount of energies on both the 

impacting materials, which in turn are responsible for impact cratering of a thick free 

surface or penetration/spallation of a thin plate during an HVI event.  The impact crater 

characteristics, melting or phase transformation of the impactor and target materials are 

dependent on the initial kinetic energy carried by the impactor, the interaction of shock 

waves with the free surface, thermodynamics of the shock waves, and the shock pressure. 

To understand the HVI phenomena, it is essential to have a basic understanding of how 

the shock waves originate, propagate and decay. The first part of this chapter reviews the 

aforementioned aspects of shock waves; in addition to taking first principles approach at 

the Rankine-Hugoniot equations and the linear shock-particle velocity equation of state 

based on the discussions from H.J. Melosh’s book Impact Cratering: A Geologic Process 

[1]. These theories provide the necessary tools required to estimate the shock pressures 

during the HVI events. The shock pressure estimates are used in later chapters to 

understand the phase transformation of carbon nanotubes to other carbon forms. The 
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second half of this chapter provides a background on the HVI phenomena on cratering, 

penetration and spallation, all relevant to the core research of this dissertation. 

2.2. Shock wave origination and propagation during hypervelocity impacts 

 Weak disturbances produce elastic waves in solids [1]. Stronger disturbances 

cause plastic deformation in solids. The strongest disturbances produce supersonic waves 

that travel faster than elastic waves in the uncompressed material, called shock waves. 

The shock waves are nonlinear and tend to be abrupt. Mathematically, shock waves are 

often ideally represented as discontinuous jump of pressure, particle velocity, density and 

internal energy. The thickness of shock wave in a gas is about 10 µm, roughly same as 

one molecular mean free path. In solids, thickness of shock waves varies from 

millimeters in metals to several meters in rocks.  

 

Figure 2.1. Free body diagrams of the shock wave passing through the mass of a material 

at times t (above) and t' (below). Figure adapted from H.J. Melosh’s book Impact 

Cratering: A Geologic Process [1]. 
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In 1887, P.H. Hugoniot derived the fundamental equations describing abrupt 

shock fronts [1]. These equations involve pressures Po and P, and specific energies Eo 

and E, in front of and behind the shock front respectively, the particle velocity up behind 

the shock, the shock velocity U, and the compressed and uncompressed densities, ρ and 

ρo respectively. Po, Eo and ρo are assumed to be known quantities, while P, E, ρ, U and up 

are unknowns. The Hugoniot equations use the conservation of mass, momentum and 

energy across the shock front to reduce the number of unknowns from five to two, when 

combined with the equation of state.  

In Figure 2.1, a shock wave is passing through the block of a material from time t 

to t’. At time t, the lengths of the unshocked and shocked regions are lu and ls 

respectively. At time t’, the shock wave has progressed a distance U(t’ – t), and the 

shocked end of the block moving at particle velocity up has progressed up(t’ – t). The new 

length of the unshocked region lu’ is: 

lu’ = lu – U (t’ – t)           (2.1) 

The new length of the shocked region is ls’ is:  

ls’ = ls + U (t’ – t) − up (t’ – t)             (2.2) 

The mass contained in the unshocked region of the block at time t is the product 

of its volume and density, ρo lu A, and that of the shocked region is ρ ls A. Utilizing the 

conservation of mass at times t and t’: 

ρ ls A + ρo lu A = ρ ls’ A + ρo lu’ A              (2.3) 

By canceling out A and substituting equations 2.1 and 2.2, we get: 

ρ (U - up) (t’ – t) = ρo U (t’ – t)  (2.4) 

Finally,  
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ρ (U - up) = ρo U    (2.5) 

This is the first Hugoniot equation and it relates the particle and shock velocities 

to the densities of the medium before and after the passage of the shock wave.  

Now, let us consider the momentum of the material in the block at time t and t’. 

At t, momentum is (ρ ls  up A) and at t’, it is (ρ ls’ up A). These two momentums are not 

equal because the P on the shocked end is larger than Po on the unshocked region, so a 

net force F = (P − Po) A acts towards right, thus accelerating the material. The net 

momentum balance is thus: 

(ρ ls’ up A) − (ρ ls  up A) = (P − Po) A (t’ – t)  (2.6) 

 Substituting equation 2.2 and canceling common terms: 

ρ (U - up) up = (P − Po)    (2.7) 

Combining equations 2.5 and 2.7, we get: 

P − Po = ρo U up     (2.8) 

This is the second Hugoniot equation and it relates the pressures in front of and 

behind the shock front to the shock and particle velocities. For large up, P >> Po. In such 

cases, equation 2.8 can be rewritten as: 

P = ρo U up       (2.9) 

This equation is used to estimate the peak pressure during an HVI event. This 

equation is used in later chapters to estimate the pressures that carbon nanotube (CNT) 

projectiles are subjected to during the HVI experiments. The estimated pressures give us 

a valuable insight into the phase transformation of the CNTs to other forms of carbon 

upon an HVI.  



	  	   	   	   11	  

	  

	  

A third Hugoniot equation is obtained using energy consideration and combining 

the other two Hugoniot equations. This equation relates the specific energies to the 

pressures and specific volumes, V and Vo (where, V = 1/ρ; Vo = 1/ρo) as follows: 

E – Eo = ½ (P + Po) (Vo – V)    (2.10) 

Useful relations for particle velocity and shock velocity can also be obtained: 

up = [(P − Po) (V − Vo)] 1/2    (2.11) 

U = Vo [(P − Po)/(V − Vo)] 1/2   (2.12) 

 The Hugoniot equations are the same for all materials. Hence the response of a 

material to the shock of an HVI is governed by its equation of state, as it is different for 

different materials. The equation of state is a complex function of molecular and atomic 

structure of a material, and is especially difficult to determine for a complex material. It 

is usually approximated from experiments and not derived from the first principles. A 

formulation of equation of state is founded directly on the experimental results of shock-

wave measurements. This equation of state shows a linear algebraic relation between 

shock wave velocity U and the particle velocity up as: 

U = C + S up    (2.13) 

where, C is a constant with dimensions of velocity and S is a dimensionless constant. 

This is an equation of state because it can be expressed in terms of pressure, density and 

internal energy using the Hugoniot equations 2.5, 2.8, 2.10. Equation 2.13 usually holds 

true below velocities of 10 km/s but interestingly has no physical basis to why such 

simple linear relationship exists. The constant C has values very close to the bulk sound 

velocity, whereas the constant S has the following relation: 

S = (1 + Γ)/2    (2.14) 
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where Γ is the Gruneisen Parameter. In shock wave work, equation 2.13 is widely used 

because of its simplicity. This equation, called the shock wave equation of state, is 

represented by a U-up plot or an equivalent P-V plot. Experimentalists prefer the U-up 

plot because it relates the two quantities that can be measured in the laboratory.  

 In later chapters of this dissertation, the shock wave equation of state (2.13) is 

used to calculate the shock wave velocity in the impacting materials. With this 

information, equation 2.9 is employed to estimate the pressure experienced by the carbon 

nanotube projectiles during an HVI event. Referencing this value of pressure to the 

carbon phase diagram gives us an insight to the phase transformation of the carbon 

nanotube impactors to other forms of carbon during an HVI experiment.  

 

2.3. Hypervelocity impact cratering 

An impact crater starts to form instantaneously when a projectile travelling at 

hypervelocity strikes the surface of a target. At the point of impact, intense shock waves 

are generated which are responsible for the formation of the crater. Gault, D.E. et al. in 

1968 proposed a widely accepted model for the formation of HVI crater. After initial 

contact, the process of crater formation is divided into three distinct stages: (a) 

compression, (b) excavation, and (c) modification [1, 2]. Figure 2.2 illustrates the 

different stages of an HVI crater formation [2]. 

In the compression stage, upon contact of the projectile against the surface of the 

target, a system of shock waves is established that provides the mechanism for 

transferring the kinetic energy of the projectile into the target material. Two shock fronts 

are produced, one in the projectile and the second in the target. All the materials in 
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contact are then strongly compressed. This stage lasts as long as it takes for the shock 

waves to reach the free surface of the projectile and return to the point of contact to the 

target as rarefaction waves. The compression stage is characterized by jetting, that is 

“spraying out’ of the shocked material from high pressure zones. Usually only a small 

amount of material are jetted out in vertical impacts.  
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Figure 2.2 (a-f). Schematic of the process of formation of a hypervelocity impact crater 

on breccia rock surface. Figure from French, B.M. Traces of catastrophe: a handbook of 

shock-metamorphic effects in terrestrial meteorite impact structures. Lunar and Planetary 

Institute. 1998.  

 

In the excavation stage, the shock waves become hemispherical, thus excavating 

circular craters. Decompression by the rarefaction wave converts much of the internal 
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energy gained in compression into mechanical work. The crater is formed by a 

combination of compression and ejection of material. The ejected material, collectively 

called ejecta, blankets the area surrounding the newly formed crater.  

Crater modification starts as soon as the excavation and crater formation stops. 

The shock waves, by now, have decayed to form elastic waves, away from the crater. The 

material properties of the target and external factors such as gravity modify the crater 

over time.  

Figure 2.3 shows a crater formed by normal impact of an Al projectile (0.79 mm 

in diameter) on the surface of a thick Al plate at 7.02 km/s. The diameter of the crater is 

4.8 mm, about 6 times larger than the projectile itself. 

 

 
Figure 2.3. Scanning Electron Micrograph of a crater formed on Al surface after 

hypervelocity impact by an Al projectile (0.79 mm in diameter) at 7.02 km/s. Rice shot 

#0535.  

1	  mm	  
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2.4. Hypervelocity penetration and spallation 

 The following discussion (text) is partially based on Schonberg et al., 

Hypervelocity Impact Physics, NASA Contractor Report 4343, 1991. [3] 

HVI of a projectile on a thin target plate results in perforation of the target. Upon 

impact, intense shock waves are propagated through both the target plate and the 

projectile. The shock waves induce shock pressures that exceed the materials strengths of 

the target plate and the projectile. This causes the impacting materials to fragment, melt 

or vaporize, and inflict a hole in the target plate that is a few times larger than the 

projectile diameter.  

Upon penetration, a small ejecta cloud forms in front of the target plate and a 

quantitatively much larger secondary debris cloud is created behind the target plate as 

illustrated in Figure 2.4. Both the clouds consist of fragments, melts and vapors of the 

projectile and the target plate materials. Because of the large surface area of the debris 

cloud, the initial kinetic energy carried by the projectile is diffused to a larger area 

beyond the target. This phenomenon is exploited by engineers to design the hypervelocity 

impact shield for many spacecrafts, including that of the International Space Station 

(ISS). An arrangement called the Whipple Shield is used that has a thin sacrificial plate 

(called the bumper plate) spaced a few inches in front of the main wall of the spacecraft 

(called the rear wall or the pressure wall). A micrometeoroid/orbital debris (MMOD) 

particle that impacts the spacecraft with a Whipple Shield is fragmented to form a debris 

cloud on impact to the bumper. This debris cloud then impacts the rear wall depositing 

the energy carried by the MMOD impactor to a larger area of the rear wall, resulting in 
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the reduction of the pressure impulse on the rear wall. This allows for a much better 

potential of survival of the rear wall from MMOD impacts. 

 

Figure 2.4. Ultra-high speed camera image of debris cloud propagation after 

hypervelocity impact by a 0.238 cm Al projectile on 0.05 cm thick 6061 Al bumper plate; 

Rice shot#0472. The image has two frames, 3µs apart. The debris cloud goes onto impact 

a composite rear wall. An Al witness plate is placed behind the rear wall to protect the 

target chamber.  
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Figure 2.5. Photographs from a hypervelocity impact penetration experiment. Rice Shot 

#0486. Al projectile (3.18 mm in diameter, 0.04690 g mass, 2017 Al alloy) on thin Al 

bumper plate (0.40 mm thick, 6061 Al alloy) at 6.5 km/s. Rear wall is 1.02 mm thick 

2024 Al plate placed 10.2 cm behind the bumper. (a) Circular hole of 5 mm on the Al 

bumper plate upon direct impact by the projectile. (b) Numerous perforations on the rear 

wall upon impact by the debris cloud. The scales in the figure are 1 mm per division.  

 

HVI spallation: During some hypervelocity impacts, the target plate could be thick 

enough to endure a crater and avoid perforation but thin enough for the produced shock 

waves to reach the back end (free surface) of the target plate. In such cases, the shock 

waves reflecting back from the free surface could cause internal cracking or detach some 

material from the back of the impacted target and propel it to hypervelocities. This 

phenomenon is called spallation, and the detached material is often referred as spall. 
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Figure 2.5 is an illustration of spallation in a copper plate after hypervelocity impact 

cratering by an aluminum projectile. In this dissertation, spallation experiments are not 

included.  

 

  

Figure 2.6. Left: Photograph of a crater on a thick copper plate from hypervelocity impact 

by an aluminum projectile (3.18 cm in diameter). Right: Photograph of the back of the 

same plate showing detached spallation. 
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Chapter 3. 
Two-stage light gas gun for HVI experiments 

3.1. Introduction 

3.2. Laboratory experiments with the two-stage light gas gun  

3.3. The Hypervelocity Impact Test Facility (HVITF) at Rice University 

 

3.1. Introduction 

 This chapter introduces and describes the operational mechanism of the two-stage 

light gas gun (LGG) that was used for all the hypervelocity impact (HVI) experiments 

reported in this dissertation. The author of this dissertation, Khatiwada, was the primary 

operator of the LGG after initial training and continuous technical support provided by 

Jay W. Laughman (NASA-JSC, Jacobs Engineering). Khatiwada and Laughman carried 

out over 200 HVI experiments during the course of this project. This chapter also briefly 

discusses the safety and hazard analysis conducted by Khatiwada to establish the safety 

protocols and operation procedure for the LGG and the Hypervelocity Impact Test 

Facility at Rice University. 

 

3.2. Laboratory experiments with the two-stage light gas gun (LGG) 

The experimental tool used for all the HVI experiments in this dissertation is a 

two-stage LGG in the Hypervelocity Impact Test Facility (HVITF) at Rice University. 

Figure 3.1 is a schematic of the two-stage LGG.  
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Figure 3.1. Schematic of the two-stage light gas gun at Rice University. The inset shows 

the projectile launch phenomenon. Burning of powder charge propels the piston in the 

pump tube. This compresses hydrogen gas and forces it through launch tube via the high-

pressure-coupling. The red arrow shows the direction of hydrogen gas flow. Projectile at 

the breech of the launch tube is then launched at hypervelocity. Figure is not drawn to 

scale. 

 

3.2.1. Operation mechanism of the LGG: 

An electric spark burns the gunpowder in the powder chamber propelling a high-

density polyethylene (HDPE) piston (Figure 3.2a) through the pump tube. The outer 

diameter of the piston and the internal diameter of the pump tube are the same (12.88 

mm). The pump tube contains hydrogen gas as working fluid. The moving piston 

compresses the hydrogen gas and forces it through the smaller-diameter launch tube 

(4.318 mm) via the high-pressure coupling (HPC). The HPC is a short conical barrel that 

captures the piston. Entrance to the launch tube is obstructed by a rupture disc (0.127 mm 

thick aluminized Mylar film) and by the sabot (Figure 3.3b: frame 1) that houses the 
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projectile. The high-pressure hydrogen gas rips open the rupture disc and launches the 

sabot/projectile at hypervelocity. The sabot is constructed as per the shape and size of the 

projectile used in a particular experiment. It is designed to fragment into four equal parts 

upon launch (Figure 3.3b: frame 2). These sabot fragments sway away from the axis of 

launch and impact a break-screen mid-flight. The break-screen is made with two 

aluminum sheets laminated together. It has a central hole to allow for the unimpeded 

propagation of the projectile through it. This ensures only the projectile impacts the 

target.  

Figure 3.2. (a) HDPE piston used in the light gas gun. Scale is in centimeters.                 

(b) Frame-1: nylon sabot (outer diameter 4.318 mm) with a spherical projectile. Frame-2: 

fragmentation of sabot after launch, releasing the projectile. 

 
This system has four laser stations and two light sensors deployed along the flight 

path. These constitute the projectile velocity measurement system. The laser stations 

along with the break-screen are also used for triggering the ultra-high speed camera to 

capture the impact process (such as the one in Figure 2.4). The entire gun, including the 

flight path of the projectile is an enclosed system and is kept under partial vacuum of 

about 20Pa during the hypervelocity experiments. The desired projectile velocity for each 
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experiment is achieved by varying the density, size or shape of the projectile, the amount 

of gunpowder used, or by changing the working fluid to a heavier gas (nitrogen). 

 

3.3. The Hypervelocity Impact Test Facility (HVITF) at Rice University 

 The HVITF at Rice University situated in the Room B02 in the basement of the 

Ryon Engineering building, houses a two-stage light gas gun (LGG) for hypervelocity 

impact (HVI) experiments.  

 A primary requirement set-forth by NASA-JSC before the start of this project was 

to perform a comprehensive hazard analysis and summarize the findings in a safety 

report. Under the supervision of Prof. Enrique V. Barrera, the hazard analysis was 

performed by Suman Khatiwada with assistance from Jay W. Laughman (Jacobs 

Engineering/NASA-JSC employee) and Gary Cisneros (Technician, MEMS Department, 

Rice University). The report was submitted to and was subsequently approved by Rice 

University’s department of Environment, Health and Safety and by NASA-JSC. The 

purpose of this document was to address the potential hazards to the operating personnel 

and the equipment associated with the operation of the 0.17-Caliber light gas gun. This 

safety report identifies all the hazards and their controls applicable to the instrument. 

Figure 3.3 is the photograph of the first two pages of this report.  

 During a typical experiment, a projectile is launched by the LGG at 

hypervelocities to simulate the velocities of the asteroid fragments or the space debris 

that impact a space vessel. To achieve such extreme velocities (from about 2.5 to 7.5 

km/s), the system employs hazardous materials such as gunpowder and hydrogen gas 

together in a partial vacuum environment. To nullify the potential of any harm to the 
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operators, safety measures (with a set protocol as mandated by a strict operation 

procedure) are employed that allow for the safe operation of the LGG. 

  

Figure 3.3. The first two pages of the Hazard Analysis and Safety Report for the 

Hypervelocity Impact Test Facility at Rice University prepared in the Fall of 2010.  

 
A copy of the operation procedure of the instrument is included with this 

document. In this report, the structural plan for the basement of Ryon Engineering 

Building, the fire protection plan and the air distribution data of the relevant lab space are 

included as appendices. A copy of the emergency contact sheet highlighting the potential 

hazards and the personnel to be contacted in case of emergency is also attached. In 

addition to the discussion of the primary safety measures and individual analysis of each 

hazard, this document also includes the schematics of the light gas gun and the operation 

set-up of the instrument.  
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Chapter	  4.	  	  
Hypervelocity	  impact	  characteristics	  of	  single-‐walled	  carbon	  nanotubes	  

 

4.1.Introduction 

4.2.Single-walled carbon nanotube samples and hypervelocity impact experiments 

4.3.Results and materials analysis 

4.4.Formation, stability and structure of nanodiamonds 

4.4.1. Pressure estimates from Hugoniot equations 

4.4.2. Reference to the carbon phase diagram 

4.4.3. Phase stability and graphitization 

4.4.4. Size and shape of nanodiamonds 

4.5.Summary and conclusions 

4.1. Introduction  

Hypervelocity impact (HVI) events, impacts above 2 km/s, are very energetic. An 

HVI exerts intense shock pressures in the materials involved, which in turn, induce 

stresses that are much larger than the strength of the materials. A projectile impacting a 

target at hypervelocity results in instantaneous penetration of thin plates, cratering of a 

thick target, and fragmentation, melting or even vaporization of the projectile material.  

Single-walled carbon nanotubes (SWCNTs) have been studied extensively by 

materials researchers in the last two decades for their possible use in all types of 

engineered materials, including structural nanocomposites [1-8] for spacecrafts, satellites 

and armor design [9-15]. In the Earth’s orbits, micrometeoroids and orbital debris 

(MMOD) traverse at hypervelocities. Thus, the spacecrafts and satellites in the Earth’s 

orbits are constantly vulnerable to catastrophic damage due to HVI from MMOD. 
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Similarly, jetting of fragments (high-velocity ejection) during an explosion could impart 

HVI damage on armor structures. So, for materials employed in such high-velocity 

applications, it is important that their response to the extreme pressure-temperature 

conditions of an HVI event is understood. During HVIs above 5 km/s, the impacting 

materials are subjected to ultra-high strain rates in the order of 108 s-1 [16]. The response 

of carbon nanotubes to such dynamic loading conditions, especially with regards to the 

changes in materials properties or allotropic transformation, is of special interest to 

materials scientists. A few researchers have developed theoretical models to study shock 

wave propagation, akin to those observed during HVIs, in individual carbon nanotubes 

(CNTs) or in composites containing CNTs [11,17], but experimental studies of the HVI 

response of CNTs have thus far not been reported in literature.  

In this study, millimeter-sized bundles of SWCNTs were subjected to dynamic 

loading conditions of HVIs. Materials analysis of these HVI events were undertaken to 

experimentally observe the fate of SWCNTs under these extreme conditions. Estimated 

pressures and temperatures during the HVI events along with the measured particle size, 

help us understand the observed allotropic transformation, stability and structure of 

carbon at the nanoscale.  

 

4.2. SWCNT samples and Hypervelocity impact experiments 

The HVI experiments were carried out using the 0.17 caliber two-stage light gas 

gun (LGG), a hypervelocity launcher, at Rice University (Figure 3.1). SWCNT “pearls” 

obtained from Carbon Nanotechnologies, Inc. were used as projectiles (Figure 4.1). The 

SWCNT pearls (diameter ~2 mm) compose of SWCNT bundles (and ~14 weight% Fe 
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catalyst particles that are about 5 nm in size). The SWCNTs are prepared using the high-

pressure carbon monoxide (HiPco) process.  

 

         
 

 

Figure 4.1. Top left: Photograph of two SWCNT projectiles. Scale: 1 div = 1 mm.  Top 

right: Transmission electron micrograph (TEM) of the Fe nanoparticles amongst the 

SWCNT bundles in a SWCNT projectile. Bottom: Thermogravimetric analysis (TGA) of 
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the SWCNT projectile. ~20% residue of Fe2O3 translates to ~14 weight% of Fe catalyst 

nanoparticle in the SWCNT projectile. 

 

For the HVI experiments, these nanotube projectiles were housed in a nylon sabot 

(Fig 4.2) and accelerated using the LGG in the velocity range of 2.52 km/s to 7.15 km/s 

onto 1.27 cm thick aluminum (Al) plates. The Al plates are thick enough to allow 

cratering without penetration by the projectile. Employing monolithic SWCNT 

projectiles to impact Al targets allows us to identify and isolate the response of SWCNTs 

upon HVIs.  

 

 

Figure 4.2. (a) The hypervelocity impact experiment scheme. (b-1) Schematic of SWCNT 

pearl housed in a specially prepared nylon sabot (4.3 mm in diameter) to facilitate the 

launch of the projectile without damage. (b-2) Schematic showing fragmentation and 

CNT projectile 

hypervelocity 
Metal 
Target 2.52 km/s - 7.15 km/s 

(a) 

(b) (c) 

b-‐1 

b-‐2 
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‘swaying away’ of the sabot during flight. This ensures only the projectile impacts the 

target. (c) Photograph of a crater on Al surface after hypervelocity impact of a SWCNT 

projectile at 2.52 km/s. Scale: diameter of the crater is 2.4 mm. 

 

The crater surfaces were characterized using Raman spectroscopy, Scanning 

Electron Microscope (SEM), X-ray photoelectron spectroscopy (XPS), Cryo-

Transmission Electron Microscope (cryo-TEM) and High-Resolution TEM (HRTEM). 

Raman and SEM analyses were done directly on the crater surface. To prepare TEM 

samples, first a solution of the crater surface material in methanol was made in the crater 

itself. The solution was then dropped onto a standard TEM-copper-grid and air-dried 

overnight. A separate HVI experiment having similar impact energy as the “7.15 km/s 

SWCNT” experiment was conducted with Al projectile to impact thick Al plate for 

comparison. 

 

4.3. Results and materials analysis 

Each crater surface was “draped” in black carbonaceous material, obvious to the 

naked eye. The crater surfaces were first examined using SEM. Figure 4.3 is the collage 

of SEM images from SWCNT projectile impacts at (a) 2.52 km/s and (b) 7.15 km/s on 

Al. From the micrographs, it is evident that SWCNTs retained their form and structure 

upon impact at 2.52 km/s. No traces of SWCNTs were observed in the crater surface of 

4.72 km/s or 7.15 km/s impacts.  
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Figure 4.3. SEM images of hypervelocity impact craters upon impacts by SWCNT 

projectiles on aluminum plates. (a) 2.52 km/s impact crater. Higher magnification 

micrograph (right) shows the presence of nanotubes. (b) 7.15 km/s impact crater. Higher 

magnification micrograph (right) shows no traces of nanotubes.  

 

X-ray photoelectron spectroscopy (XPS) was then used to analyze the carbon 

material present in the crater surface. This analysis is a useful tool to analyze the type of 

allotrope or specifically the type of bonding in elements and compounds. For example, 

XPS data facilitates the distinction between graphite and diamond, as graphite and 

diamond have sp2 and sp3 hybridized carbon respectively. The XPS data for the SWCNT 

projectile material and the crater surface material from 7.15 km/s impact is presented in 

Figure 4.4. There is a decrease in sp2 carbon content and an increase in the sp3 carbon 

content. 
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Figure 4.4. X-ray photoelectron spectra (XPS) data for (a) projectile material (b) crater 

material from 7.15 km/s impact. The crater material shows an increase in the sp3 carbon 

content.  
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To identify the type of carbon material in the crater surface, Raman spectroscopy 

was employed. Raman data was collected from at least four different locations on each 

crater (with 633 nm excitation laser). Figure 4.5 is the collection of Raman spectra of the 

crater surface materials from various impacts experiments ranging from 2.52 km/s to 7.15 

km/s, compared to the Raman spectrum of the SWCNT projectile. The Raman spectrum 

of the crater surface from the 2.52 km/s impact is the signature of HiPco SWCNTs, with 

characteristic radial breathing modes (RBMs), D-peak location at 1310 cm-1 and G-peak 

at 1590 cm-1. This verifies that the fibrous nanostructures observed with SEM (Figure 

4.3a) are indeed SWCNTs. Raman signature of the SWCNT is observed in crater surface 

material up to 4.07 km/s, albeit with increasing intensity of the D-band with increasing 

impact velocity. This indicates that SWCNTs survive impacts up to 4.07 km/s but endure 

more damage to their structure with increasing impact velocity. The Raman spectrum of 

the crater surface beyond 4.15 km/s is similar to that of nanodiamonds found in meteorite 

samples [18-20] and to the ones fabricated in the laboratory via shock synthesis [21-25] 

or chemical vapor deposition [26-29] with D-band located somewhere between 1328 and 

1332 cm-1 and G-band located around 1600 cm-1. The shift in D-band to lower than 1332 

cm-1 is likely due to either the lattice straining of the nanodiamonds due to intense 

pressures of a hypervelocity impact [18] or due to quantum	  confinement	  effects	   [30-‐

34],	   where	   phonons can be confined by any “spatially limiting” feature in the 

confinement region (e.g., twins, stacking faults, vacancies, boundaries, pores, etc).	  In the 

Raman spectra of crater surfaces from impacts at and higher than 4.15 km/s, the absence 

of RBMs confirms the absence of SWCNTs. 	  
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Figure 4.5.Raman spectra of single-walled nanotube projectile and crater surface 

materials from impacts at 2.52, 3.51, 4.07, 4.15, 4.72 and 7.15 km/s. The black dotted 
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line locates the 1332 cm-1 Raman shift of diamond. In all graphs, the x-axis is Raman 

shift (cm-1) and y-axis is counts in arbitrary units.	  

	  

(a)  

(b)  

(c)  
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Figure 4.6. TEM micrographs of the crater surface material from the 7.15 km/s impact. 

(a) cryo-TEM image of nanodiamonds scattered among ribbon-like graphite material. (b) 

A nanodiamond particle. Insets: a HRTEM image near the center of the particle showing 

the lattice spacing of 0.21 nm and the corresponding electron diffraction pattern 

indicative of diamond. The numbers 318.63, 519.06 and 609.58 are measured units of 

lengths for planes (111), (220) and (311) respectively which give the normalized length 

ratios of 1, 1.63 and 1.91 as expected for diamond. (c) HRTEM image of a nanodiamond 

particle surrounded by graphitic carbon as indicated by their measured lattice spacings 

(inset).  

From the cryo-TEM image of the crater surface material of the 7.15 km/s impact 

(Figure 4.6a), it is apparent that there are thick nanoparticles (from a few nm to 90 nm in 

size) that are surrounded by a shell and are scattered amongst ribbon-like materials. On 

closer examination with HRTEM (Fig 4.6b), the lattice spacings in the nanoparticles are 

measured to be 0.21 nm (that corresponds to (111) planes in cubic diamond) with the 

corresponding selected-area electron diffraction pattern indicative of the diamond lattice. 

The lattice spacings of the ribbon-like materials and the layered material surrounding the 

diamond nanoparticles are measured to be 0.35 nm (Fig 4.6c) that corresponds to (0002) 

planes in graphite. Some researchers have created this type of diamond nanoparticles 

(within a graphitic shell) in the laboratory by heating diamond nanoparticles under 

pressure, and often call them buckydiamonds [35-38]. It is observed that smaller 

nanodiamonds (~20 nm in size) are almost spherical in shape, whereas the larger ones 

have distorted polyhedral shape. One important point to note from the TEM analysis is 

that the ~5 nm sized Fe nanoparticles, that are present in the projectile sample before 



	  	   	   	   36	  

	  

	  

impact, were not observed among the crater surface materials. Because of the nature of 

the hypervelocity impact cratering phenomenon and the difference in weight of Fe from 

carbon, these Fe nanoparticles could have either ejected out during the “excavation 

phase” of crater formation or penetrated deep into the Al target.  

A separate HVI experiment having similar impact energy as the “7.15 km/s 

SWCNT” experiment was conducted with Al projectile to impact thick Al plate. HRTEM 

was employed to analyze the particles from that crater surface. The high-resolution 

images showed the lattice spacings to be 0.23 nm that correspond to  (111) planes of Al 

and the FFT (Fast Fourier Transform) patterns indicated an FCC lattice (Figure 4.7). The 

importance of this experiment and subsequent TEM analysis is that it proves that the 

nanoparticles surrounded by graphitic shell in SWCNT HVI experiments having lattice 

spacings of 0.21 nm are indeed diamond and not Al.  

 

Figure 4.7. HRTEM	   image	   of	   an	   Al	   particle	   from	   Al-‐Al	   impact.	   Right:	   FFT	   of	   the	  

particle	  showing	  FCC	  Al.	  	  
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Figure 4.8. HRTEM image of an onion-like nanocarbon from the same TEM sample as 

Figure 4.6 when analyzed two months later.  

 

A further confirmation that the nanoparticles are indeed diamond was achieved 

upon re-analyzing the TEM samples after about two months.  The same TEM sample in 

Figure 4.6 now contained (previously not seen) onion-like nanocarbon materials (Figure 

4.8) and much fewer nanodiamond particles. The transformation of nanodiamond 

particles to graphitic onion-like carbon over time, and possibly hastened by the electron 

beam from TEM analysis, shows that (a) nanodiamond particles are metastable, and (b) 

the nanoparticles observed in Figure 4.6 are diamond and not Al or Fe.  
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4.4. Formation, stability and structure of nanodiamonds  

Here, we discuss the allotropic transformation and stability of nanocarbon 

allotropes during and after the HVI loading of SWCNT projectile. First, the pressure (P) 

and temperature (T) imparted on the SWCNT projectile during the HVI events are 

estimated, and then compared to the carbon phase diagram. Possible explanations for the 

experimental observations are discussed. 

4.4.1 Pressure estimates from Hugoniot equations 

The peak pressure subjected to the impacting materials during an HVI can be 

estimated using the Rankine-Hugoniot equation [39]:  

P = ρo U up   (1) 

where, P is in GPa, ρo is the density of the material in g/cm3, U is the shock wave 

velocity in km/s and up is the velocity of the projectile in km/s. ρo of the target material 

Al-1100 is a known quantity (2.71 g/cm3) and up is measured during the HVI experiment 

itself. Fortunately, U in a material during shock compression has a linear algebraic 

relation to up below 10 km/s, expressed as: 

U = C + S up   (2) 

where, C is very close to the bulk velocity of sound at zero pressure and S is a 

dimensionless constant. Both these values are measured experimentally, and are materials 

constants. The linear shock relation of Al-1100 is [40]: 

U = 5.386 + 1.339 up  (3) 

Using this relation, U and P values of each HVI experiment can be estimated, which are 

summarized in Table 4.1. 
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Table 4.1. Peak pressure estimates for selected hypervelocity impact experiments 

Impact velocity, up 

(km/s) 

Shock wave velocity, U 

(km/s) 

Peak pressure, P 

(GPa) 

2.52 8.76 59.82 

4.72 11.70 149.65 

7.15 14.95 289.68 

 

4.4.2. Reference to the carbon phase diagram 

 

Fig 4.9. The carbon phase diagram. After Bundy [42]. 

Peak temperatures reached during HVIs are in the region of 2000 K – 3000 K 

[41]. According to the carbon phase diagram  [42], these temperatures along with P 

values of the HVI experiments (the third column of Table 4.1) provide conditions for the 

formation of diamond. However, the total time of an HVI event is very small. The 

contact/compression stage of an HVI cratering event for most impacts (including for the 

several hundred meters wide meteors) lasts less than 1 second [43]. Therefore, the 

impacting materials are subjected to these intense pressures and temperatures for a very 
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short duration of time. Under these conditions, we observe that the SWCNTs are resistant 

to pressures of 59.82 GPa during the 2.52 km/s impact, as they retained their form and 

structure without transforming to any other carbon allotrope. At pressures of 149.65 GPa 

and 289.68 GPa during the 4.72 km/s and 7.15 km/s impacts respectively, SWCNTs 

transformed to a mixture of graphitic ribbons and nanodiamonds within a graphitic shell.  

 

4.4.3. Phase stability and graphitization 

It is to be noted that in addition to T and P, a third parameter – particle size needs 

to be taken into account while considering the carbon phase diagram at the nanoscale 

[44]. In the expressions for the Gibbs free energy per atom of a cluster of n atoms in a 

given phase, the surface energy contribution has to be added to the bulk free energy. 

Barnard et al [45], with their ab initio simulations have shown that the surfaces of 

octahedral, cuboctahedral and spherical clusters of nanodiamonds show a transition from 

sp3 to sp2 bonding. For clusters larger than tens of atoms, the preferential exfoliation of 

the (111) surfaces promotes cluster transition to buckydiamonds. The buckydiamond is 

regarded as an intermediary phase between nanodiamond and fullerene-like carbon 

onions. As per the stability of nanocarbon allotropes, nanodiamonds are stable in the 1.9 

nm – 5.2 nm diameter range, with fullerenes and carbon onions stable below 1.9 nm and 

graphite stable above 5.2 nm [36]. Outside this range, nanodiamond is metastable. Our 

TEM observations are consistent with this argument. Owing to their cluster size (11 nm 

and larger), it is plausible that these nanodiamond particles have graphitized surfaces – a 

tendency that is energetically favored. The transformation of the nanodiamond particle to 

onion-like nanocarbon over time and after multiple exposures to electron beam during 
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TEM analysis also validates the above argument. The abundance of graphitic ribbons in 

the crater material could be attributed to the much lower surface energy of planar graphite 

as compared to the curvature of graphitic shells surrounding nanodiamonds [37]. 

 

4.4.4. Size and shape of nanodiamonds 

The non-uniform size distribution of the nanodiamond particles could be 

attributed to the nature of the HVI cratering phenomenon itself. During impact cratering, 

the projectile material is subjected to uneven pressures at different locations as illustrated 

in Figure 4.9 [43]. SWCNT bundles in different regions of the SWCNT projectile are 

subjected to different pressures, possibly resulting in the non-uniform sizes of the 

nanodiamonds formed. 

 

 
Figure 4.10. A cross-section view of an instant during crater formation from 

hypervelocity impact on a thick target by a spherical projectile (in gray). The lines and 

corresponding numbers are theoretically calculated shock wave pressures at that instant. 

Figure from [43].  

 
The shapes of the nanodiamond particles in buckydiamonds are different for 

different sizes. The nanodiamond particles of smaller sizes (about 20 nm, as in Figure 
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4.6c) are almost spherical in shape, whereas the larger nanodiamond particles, similar to 

the 90 nm particle in Figure 4.6a are polyhedral in shape. At the nanoscale, surface 

energies affect the materials significantly. With decreasing cluster size, it is reasonable 

that spherical shape is energetically favored to polyhedral shape.  

 

4.5. Chapter summary 

Projectiles made of single-walled carbon nanotube (SWCNT) bundles were 

accelerated to hypervelocities (range: 2.5 km/s – 7.15 km/s) with a two-stage light gas 

gun and impacted onto thick aluminum plates. The hypervelocity impacts formed craters 

on the metal surface. Raman Spectroscopy, X-Ray Photoelectron Spectroscopy and 

Electron Microscopy were employed to analyze the materials on the surface of the 

impact-crater. SWCNTs survived the hypervelocity impacts up to 4.07 km/s. At impact 

velocities between 4.15 km/s and 7.15 km/s, SWCNTs transformed into graphitic ribbons 

and nanodiamonds surrounded by a fullerene shell. The nanodiamonds were observed to 

transform to onion-like nanocarbon spheres over time. Estimated pressures and 

temperatures of the HVI events, along with the measured nanodiamond particle-size, 

provide valuable insights into the allotropic transformation, stability and structure of the 

nanocarbon subjected to HVI conditions.  
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Chapter	  5.	  

Hypervelocity impact characteristics of double-walled carbon nanotubes	  
	  

5.1. Introduction 

5.2. Double-walled carbon nanotube (DWCNT) samples and hypervelocity 

impact experiments 

5.3. Experimental results and materials analysis 

5.4. Hypervelocity impact resistance of DWCNTs 

5.4.1. Hugoniot pressures and carbon phase diagram 

5.4.2. Comparison with single-walled carbon nanotubes 

5.5. Chapter summary 

 

5.1. Introduction 

 Double-walled carbon nanotube (DWCNT) consists of two coaxial carbon 

nanotubes. Compared to single-walled carbon nanotubes (SWCNTs), DWCNTs have 

higher mechanical strength and better thermal and chemical stability [1]. Additionally, 

the unique double-wall structure allows the outer-wall to be selectively functionalized [2] 

while maintaining an intact inner tube, making DWCNTs an excellent additive/ 

enhancement material for composite materials [1], and as core-shell structures for use as 

imaging and therapeutic agents in biological systems [3]. Moreover, DWCNTs could be 

utilized in almost all the applications, from electronics to composites, that SWCNTs are 

either already used or are being investigated for. 

 The authors have previously studied the response of SWCNTs to hypervelocity 

impacts (Chapter 4) so as to develop an understanding of the behavior of these nanotubes 
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to the ultra-high strain, high temperature and shock-pressure loading conditions of such 

impacts. This chapter studies the hypervelocity impact response of DWCNTs and 

compares the results to that of SWCNTs.  

 

5.2. DWCNT samples and hypervelocity impact experiments 

 The hypervelocity impact experiments were carried out using the 0.17 caliber 

two-stage light gas gun (LGG), a hypervelocity launcher, at Rice University (Figure 3.1). 

Flow chemical vapor deposition grown DWCNTs [4,5] were first purified using the 

technique described in Zhao et al [6]. Films of the rope-like DWCNTs was then prepared 

and hand-rolled into small spheres using ethanol. These spheres were then used as 

projectiles for the hypervelocity impact experiments (Figure 5.1a). The nanotube 

projectiles were housed in a nylon sabot (Fig 4.2) and accelerated using the LGG at 

velocities of 5.71 and 7.24 km/s onto 1.27 cm thick aluminum (Al) plates. The Al plates 

are thick enough to allow cratering without penetration by the projectile. Employing 

monolithic DWCNT projectiles to impact Al targets allows us to identify and isolate the 

response of DWCNTs upon during hypervelocity impacts. The crater surfaces were 

characterized using Raman spectroscopy, Scanning Electron Microscope (SEM). Raman 

and SEM analyses were done directly on the crater surface. 

 

(a)  
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(b)  

Figure 5.1. (a) A double-walled carbon nanotube (DWCNT) projectile. (b) 

Photographs of the post-impact crater surfaces after impacts with DWCNT projectiles 

at 7.24 km/s (left) and 5.71 km/s (right). Inset: comparison of the projectile size to the 

crater size. 

 

5.3. Experimental results and materials analysis 

 Each crater surface was “draped” in black carbonaceous material, obvious to the 

naked eye. The crater surfaces were first examined using SEM. Figure 5.2 is the collage 

of SEM images from SWCNT projectile impacts at (a) 5.71 km/s and (b) 7.24 km/s on 

Al.  
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(a) 

 
(b) 

 
Figure 5.2. Scanning electron micrographs of post-impact craters from impacts by 

double-walled carbon nanotubes at (a) 5.71 km/s (b) 7.24 km/s.  

 

The low-magnification micrographs show the craters formed by the DWCNT-

projectile impacts. The high-magnification micrographs of the crater surface reveal the 
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presence of fibrous nanotube-like ropes, suggesting that the DWCNTs survived both 

impacts. This was verified using Raman spectroscopy. Raman data was collected from at 

least four different locations on each crater (with 633 nm excitation laser). Figure 5.3 

compares the Raman spectra of the crater surface materials to the pre-impact projectile 

sample (red graph, bottom).  

 

 

Figure 5.3. Raman spectra of double-walled carbon nanotube (bottom), crater surface 

material from 7.24 km/s impact (middle), and crater surface material from 5.71 km/s 

impact (top).  

 

 All three spectra in Figure 5.3 are similar to one another, with the presence 

of characteristic radial breathing modes (RBMs), D-band located at 1325 cm-1 and G-
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band located at 1587 cm-1. Hence, it is evident from the Raman analysis that the fibrous 

nanotube-like ropes observed with SEM in the crater surfaces are indeed DWCNTs. It is 

however to be noted that the intensity of the G-band (with respect to the corresponding 

D-band) decreases in the crater surface materials, with least intensity in 7.24 km/s crater 

material. This suggests that the quality of the nanotubes have somewhat degraded in the 

crater materials.  

 

5.4. Hypervelocity impact resistance of DWCNTs 

5.4.1. Hugoniot pressures and carbon phase diagram 

The peak pressure subjected to the projectile materials during a hypervelocity 

impact can be estimated using the Rankine-Hugoniot equations as used in chapter 4 

(equations 4.1, 4.2, 4.3). Table 5.1 summarizes the shock wave velocity (U) and peak 

pressure (P) values for the 5.71 and 7.24 km/s impacts of DWCNTs on aluminum plates. 

 

Table 5.1. Peak pressure estimates for hypervelocity impact experiments with DWCNTs 

Impact	  velocity,	  up	  

(km/s)	  

Shock	  wave	  velocity,	  U	  

(km/s)	  

Peak	  pressure,	  P	  

(GPa)	  

5.71	   13.03	   201.63	  

7.24	   15.08	   295.88	  

 

 With peak temperatures during the hypervelocity impacts expected to be around 

2000K-300K [7], based on the carbon phase diagram (Figure 4.8), a carbon material is 

expected to undergo phase transformation to form diamond under these conditions. 
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However, we observe that the DWCNTs are resistant to pressures of 201.63 GPa during 

the 5.71 km/s impact and of 295.88 GPa during 7.24 km/s impact, as they retained their 

form and structure without transforming to any other carbon allotrope or vaporizing 

away. This is a remarkable observation because of the fact that the metal target 

(aluminum) was cratered via melting and vaporization during these impacts. 

 

5.4.2. Comparison with SWCNTs 

The results show that the DWCNTs have higher resistance to hypervelocity 

impacts than SWCNTs. As demonstrated in chapter 4, SWCNTs lose their form and 

structure and undergo phase transformation to graphitic ribbons and nanodiamonds at 

hypervelocity impacts beyond 4 km/s. DWCNTs, on the other hand, not only survive the 

hypervelocity impacts beyond 7 km/s, they seem to incur minimal damage. The higher 

resistance to hypervelocity impacts for DWCNTs is likely due to the difference in 

structures of these nanotubes. Each DWCNT has two coaxial SWCNTs with a separation 

of 0.34 nm and van der Waals forces between the two tubes [8]. It is imperative that 

additional energy is absorbed due to relative motion between the coaxial tubes in the 

transverse direction during the ultra-high strain loading of a hypervelocity impact, 

resulting in the higher impact resistance of DWCNTs than SWCNTs. Figure 5.4 

illustrates an schematic of a DWCNT undergoing vibration [9], similar to the one 

expected during ultra-high strain loading by shock pressures during a hypervelocity 

impact.  
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Figure 5.4. (a) Schematic of a vibration configuration of double-walled carbon nanotube. 

(b) Axial view of the schematic in (a). Figure after [9] A. Khosrozadeh, M.A. Hajabasi, 

Applied Mathematical Modelling 36 (2012) 997–1007. 

 

In Figure 5(a), the dotted line along x is the axis of the DWCNT, with other four 

dotted lines representing the non-vibrational location of the walls of the concentric tubes, 

and the solid lines representing the location of the walls during vibration. Such motion 

between the coaxial tubes dissipates energy and increases the survivability of DWCNTs 

during hypervelocity impacts. 

 
5.5. Chapter summary 

 Millimeter-sized double-walled carbon nanotube (DWCNT) spheres were 

launched at hypervelocities to impact 1.27 cm thick aluminum plates. Each impact 

formed a crater on the aluminum surface. Materials analysis of the crater surface 

materials revealed that DWCNTs survived the hypervelocity impacts at 7.24 km/s by 

retaining their form and structure. The results show that DWCNTs have high resistance to 

hypervelocity impacts, much more than single-walled carbon nanotubes (SWCNTs). 

During a loading condition, the motion between two coaxial tubes of a DWCNT 

dissipates energy. This increases the survivability of DWCNTs during hypervelocity 

impacts. 
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Chapter 6. 
 

Nanocomposites of single-walled carbon nanotubes and ultra-high molecular weight 

polyethylene (UHMWPE) fiber for hypervelocity impact shielding 

	  
6.1. Introduction 

6.2. Composite fabrication 

6.2.1. Neat composite laminates 

6.2.2. Sprayed-nanotube composite laminates 

6.3. Hypervelocity impact experiments 

6.4. Results, post-test analysis and discussion 

6.5. Chapter summary and conclusions 

 

6.1. Introduction 

Excellent mechanical, electrical and optical properties of Single-Walled Carbon 

Nanotubes (SWCNT), along with their ability to adhere to several chemical species or 

functional groups, make them ideal reinforcement material to add multifunctionality to a 

composite system. Due to this reason, researchers have vigorously investigated SWCNT 

as reinforcements in different composites, including the fiber-reinforced polymer matrix 

composites (PMCs) [1,2].  

Fiber-reinforced PMCs are used extensively in spacecraft structures and satellite 

components such as antenna struts, panels and low distortion frames due to their high 

specific strength, high stiffness and low coefficient of thermal expansion which result in 

lower launch costs in comparison to other materials with such properties [3]. The space 

vehicles and satellites in the Earth’s orbits are vulnerable to damage from hypervelocity 

impacts (HVI) by micrometeoroids and orbital debris (MMOD). As a result, spacecraft 

designers must be aware of the response of various spacecraft components and structural 
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elements under high speed impact loading conditions [4]. A two-stage light gas gun 

(LGG) is a useful tool to undertake HVI experiments to simulate MMOD impacts on 

structural materials. Researchers have employed LGG to test HVI response of several 

fiber-reinforced PMCs in the past [5,6,7,8]. 

In this project, fiber-reinforced polymer matrix nanocomposites with epoxy resin, 

ultra-high molecular weight polyethylene (UHMWPE) fiber and SWCNT were prepared. 

Epoxy resin is the most common class of thermosetting resin used in a wide range of 

applications because of its high tensile strength, low shrinkage in curing, and good 

chemical and corrosion resistance [9]. Polyethylene is lightweight and provides good 

radiation resistance. In addition, UHMWPE fiber has excellent ballistic impact properties 

owing to its high strain-to-failure and specific strength [10], which makes this fiber 

applicable in bullet-proof armor. Thus, with epoxy resin, UHMWPE fiber and SWCNT 

as its components, this composite system has the potential to be a true multifunctional 

PMC. In this paper, we report results from the HVI experiments on these 

nanocomposites.  

6.2. Composite Fabrication 

Two types of composites were prepared: (I) neat composites: epoxy/UHMWPE 

without nanotubes, and (II) nanocomposites: epoxy/UHMWPE with sprayed-SWCNT 

(grown by the high pressure carbon monoxide, HiPco, process).  

6.2.1. Neat composite laminates 

4 plies of 10.0cm by 10.0cm UHMWPE fabric (plain weave Spectra® 1000) were cut 

and stacked in a cross-ply (0°/90°) orientation. 0.30g N,N-Dimethylbenzylamine 
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(DMBA), the curing agent, was mixed with 25.0 g Epon 826 resin and degassed under 

vacuum for 2 hours. Resin was introduced to the fabric plies via wet lay-up. This 

resin/fabric system was sandwiched by two 14.0 cm by 14.0 cm PTFE (Teflon) plates 

(1.0 mm thick) and two layers of peel-ply before inserting into an aluminum mold. A film 

of silicone release was sprayed on the inside surfaces of the aluminum mold beforehand. 

A hot-press was used for compression molding of the composites. 2 MPa pressure was 

applied at 85°C for 16 hours. A typical composite weighed 11.0 grams, with thickness of 

0.11cm, and an areal density of 1.0 kg/m2.  

6.2.2. Sprayed-SWCNT composite laminates 

Fabrication of nanocomposites (sprayed-SWCNT composite laminates) involved an extra 

step of SWCNT/fabric preparation. SWCNT were first sonicated with ethanol in an 

ultrasonicator probe for 30 minutes to create a homogeneous solution. This 

SWCNT/ethanol solution was then uniformly sprayed onto the UHMWPE fabrics with an 

air-spray gun (Paasche® VL-SET). The solvent (ethanol) was allowed to evaporate off by 

drying the plies for 48 hours in air under a fume hood. The dry SWCNT/UHMWPE 

fabric was then used to prepare the nanocomposites. 

6.3. Hypervelocity impact experiments 

A two-stage LGG at Rice University was used for hypervelocity impact (HVI) 

experiments as demonstrated in Figure 3.1.  Projectiles were launched in the velocity 

range of 6.5 to 7 km/s to impact targets at normal incidence (90°). The HVI 

characteristics of the composites (both the nanocomposites and the neat composites) were 

studied with two sets of experiments. In set A, the composites were used as rear walls in 
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a Whipple shield configuration so as to impact them with debris clouds upon HVI of Al 

projectiles onto Al plates.  

       

 

Figure 6.1. Top left: A schematic of the spraying of the SWCNT solution onto a fabric. 

Top right: Scanning electron micrograph of the surface coverage of SWCNT after 

spraying on a fabric. Bottom: A sprayed-SWCNT composite laminate (nanocomposite) 

of size 10 cm by 10 cm by 1.1 mm.  
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In set B, the composites were used as bumper shields so as to impact them 

directly with Al projectiles travelling at hypervelocity. A schematic of the target 

configuration for the HVI experiments is shown in figure 6.2. 0.05 cm thick 6061 Al 

plates were used as bumpers in set A. 0.10 cm thick 2024 Al plates were used as rear 

walls in set B, and as witness plates in all the experiments. The HVI performances of the 

composites were compared to that of Al sheets (6061 Al; 0.040 cm thick) with areal 

density similar to that of the composites (~1.0 kg/m2). Al spheres (2017 Al) of varying 

sizes were used as projectiles. The images of the HVI events were captured using Imacon 

468, an ultra-high speed camera. 

 

 
Figure 6.2. Schematic of the target configuration for the HVI experiments. In set A 

experiments, Al plates were used as bumpers and witness plates, with composites as rear 

walls. In set B, the composites were used as bumpers, with Al plates as rear walls and 

witness plates. 
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6.4. Results, post-test analysis and discussion 

6.4.1 Set A: Composites as rear walls in a Whipple shield 

Spherical Al projectiles of diameters 0.318 cm, 0.238 cm and 0.159 cm were 

launched onto Al bumpers to create debris clouds to impact the composites and the 

similar-areal-density Al sheets. The set A experiments and their results are summarized in 

Table 6.1.  

Table 6.1.Experiments for evaluation of the composites as rear wall 

material shot# projectile 
diameter 

(cm) 

impact 
velocity 
(km/s) 

                     rear wall                             
.failure?       # of layers          damaged 
                  delamination        area (cm2) 

nanocomposite 0487  0.318  6.50  Yes  4  56.7  

neat composite 0453  0.318  6.54  Yes  4  63.6  

Al 0477  0.318  6.47  Yes  N/A  N/A  

nanocomposite 0472  0.238  6.87  No  1  40.7  

neat composite 0454  0.238  6.84  No  1  43.0  

Al 0476  0.238  6.84  Yes  N/A  N/A  

nanocomposite 0492  0.159  7.01* No  0  0  

neat composite 0452  0.159  7.03  No  0  0  

Al 0475  0.159  7.07  No  N/A  N/A  

*estimated 

Figure 6.3 captures the development of a debris cloud during one such experiment 

(Rice shot #0472).  In the figure, there are two frames, 3 µs apart, illustrating the growth 

of debris cloud from one instant to the other, right before impacting the rear wall (a 

nanocomposite sample in this case). To summarize the set A experiments, with 0.318cm 

projectiles, all 3 samples (nanocomposite, neat composite and Al) failed (i.e. complete 

penetration) from the debris cloud impacts. With 0.238cm projectiles, the nanocomposite 
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and the neat composite did not fail, whereas the Al sheet failed. With 0.159cm 

projectiles, all 3 samples did not fail from the debris cloud impacts. Figure 6.4 is the 

collage of post-impact photographs of the rear walls from set A experiments. These 

results show that both the nanocomposites and the neat composites make better rear wall 

materials than the similar-areal-density Al sheets. Comparatively, the nanocomposites 

and the neat composites have similar performance, with comparable delamination area 

upon impact by the debris clouds (Table 6.1). With 0.5 wt% of SWCNT, the HVI 

performance of the epoxy/UHMWPE composite as rear wall does not show noticeable 

change. 

 

Figure 6.3. Ultra-high speed camera image of debris cloud development from 

hypervelocity impact by 0.238 cm Al projectile on 0.05 cm thick 6061 Al plate; Rice 

shot#0472. The image has two frames, 3 µs apart. The debris cloud goes onto impact the 

nanocomposite rear wall. 
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Figure 6.4. Post-mortem photographs of rear walls from set A experiments. All images 

are front-faces of the rear walls, except for the central image (#0454) which is the back-

face of the rear wall illustrating non-failure (i.e. no perforations) of the neat composite. 

The front-face of that rear wall looks similar to that of #0472. The back-face of rear wall 

from #0472 looks similar to #0454 (i.e. it also has no perforations). Scale on the left of 

each photograph is in centimeters.  
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6.4.2. Set B: Composites as bumpers in a Whipple shield and their debris cloud  

          characteristics 

 Spherical Al projectiles of diameters 0.318 cm and 0.238 cm were launched 

directly onto the composites and the similar-areal-density Al sheets. The entry hole size 

for the nanocomposite and the neat composite are same for the same size projectile. The 

impacted bumpers from the 0.238 cm projectile impacts are shown in Figure 6.5.  

 

Figure 6.5. Photographs of the composite bumpers (Left: neat composite. Right: 

nanocomposite) impacted by 0.238 cm aluminium projectile. 

The results from the post-test analysis of the set B experiments are summarized in 

Table 6.2.  Figure 6.6 illustrates the debris cloud characteristics of the nanocomposite 

(A), the neat composite (B), and the Al sheet (C) from HVI by Al projectiles. From the 

figure, it is evident that the characteristics of the debris clouds from the HVI on the 

nanocomposite and the neat composite are noticeably different from that of Al sheet. In 

comparison to HVIs of Al projectiles onto the composites, HVIs of Al projectiles onto Al 

sheets inflict smaller impact holes on the bumpers and produce debris clouds that are 
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more expansive (larger in surface area) and have a characteristic shape with a defined 

dense leading front. This difference is important because a larger debris cloud deposits its 

energy over a larger area on the rear wall, thus increasing the likelihood of the rear wall 

resisting the impact without failure. The post-impact photographs of the rear walls 

(Figure 6.7) show that, in addition to having smaller damage area, the debris clouds from 

the composite bumpers inflict holes that are significantly larger than the damage craters 

by the debris clouds from Al bumpers. This means that the debris clouds from composite 

bumpers contain larger particulates than the debris clouds from Al bumpers. The small 

area and large particulates of these debris clouds from the composite bumpers are 

undesired of a bumper shield. In addition, it should be noted that total mass of debris 

clouds falls monotonically with increasing density of bumper material when equal 

bumper areal densities are maintained (after Hopkins and Swift [11]). This means that the 

mass of debris cloud from Al bumper is smaller than that from the composite bumpers 

owing to higher density of Al. 
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Table 6.2. Experiments for evaluation of the composites as bumper 

material shot#   projectile      . 
diameter    impact 
     (cm)      velocity 
                   (km/s) 

bumper 
impact 
hole size 
(cm) 

rear wall       
failure?   damage 

             area         
                 (cm2) 

witness plate 
failure?    damage 
                   area 
                  (cm2) 

nanocomposite 0473  0.318  6.45  6.11  Yes  12.6  No  50.3  

neat composite 0455  0.318  6.46  6.21  Yes  9.6  No  44.2  

Al 0486  0.318  6.49  4.97  Yes  28.3  No  15.6  

nanocomposite 0489  0.238  6.87  5.60  Yes  15.9  No  19.6  

neat composite 0456  0.238  7.03  5.72  Yes  19.6  No  23.8  

Al 0488  0.238  6.85  4.23  No  41.3  No  None  

 

 

Figure 6.6. Ultra-high speed camera images of: (A) debris cloud from HVI by 

3/32”(0.238 cm) Al projectile on nanocomposite [Rice shot# 0489], (B) debris cloud 

development from HVI by 1/8” (0.3175 cm) Al projectile on neat composite [Rice shot 

#0455; two frames 3µs apart], and (C) debris cloud development from HVI by 1/8” 

(0.3175 cm) Al projectile on 0.04 cm thick 6061 Al plate [Rice shot #0486; two frames 5 

µs apart]. 
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Figure 6.7. Post-mortem photographs of rear walls from set B experiments. The scale in 

each photograph is in centimeters. 

 

To summarize the debris cloud properties, the debris clouds from the composites 

have smaller area and carry more mass with larger particulate sizes than the debris clouds 

from Al bumper. This is the reason for the non-failure of the rear wall in shot#0488 (Al 

sheet as bumper) from the debris cloud impact, and the failure of the rear walls in 

shot#0489 (nanocomposite as bumper) and shot#0456 (neat composite as bumper). 

Hence, the similar-areal-density Al sheet performs better than both types of composites 

as a bumper shield material. These results are consistent with the results obtained by 

Christiansen [12] and Schonberg [13] on graphite/epoxy composite bumpers.  
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Comparatively, the nanocomposites and the neat composites perform similarly to 

each other. For similar HVI experiments, the impact-hole size on the bumper, the damage 

type and damage area on the rear wall and witness plates are all similar to one another. 

The debris cloud images have similar characteristics (Figure 6.6). From the observations, 

it is concluded that with 0.5 wt% of SWCNT in the nanocomposite, the presence of 

SWCNT does not change the HVI response of the epoxy/UHMWPE composite bumper.  

 

6.5. Chapter summary 

Composites of UHMWPE fabrics with epoxy matrix and SWCNT (0.5 wt% of the 

fabric) were prepared to study their HVI characteristics at impact velocities in the 6.5 to 7 

km/s range. In one set of experiments, these nanocomposites were impacted with debris 

clouds from HVI penetration of spherical Al projectiles on Al plates in order to assess 

their HVI response as a rear wall in a Whipple shield configuration. In another set of 

experiments, the nanocomposites were impacted directly with spherical Al projectiles at 

hypervelocities to assess their HVI response as a bumper shield. Similar experiments 

were carried out with epoxy/UHMWPE without nanotubes (or, neat composites) and with 

Al sheets having areal density similar to that of both the composites. The results show 

that nanocomposite and the neat composite perform better as rear walls than the Al 

sheets, but are lesser effective bumper shields. Comparatively, the two composites 

perform similarly to one another as rear walls and as bumper shields. In this preliminary 

work, SWCNT were not functionalized and no special efforts were made to improve the 

dispersion of SWCNT in the polymer resin. For these epoxy/UHMWPE composite 
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samples, the results show that reinforcement with 0.5 wt% of SWCNT has no noticeable 

effect on their HVI response.  
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Chapter 7. 

Buckypaper, nickel-coated buckypaper and their UHMWPE nanocomposites for 

hypervelocity impact shielding 

7.1.Introduction 

7.2.Fabrication of buckypaper and nickel-coated buckypaper 

7.3.Fabrication of composite laminates 

7.4.Hypervelocity impact experiments 

7.5.Hypervelocity impact test results and post-test analysis 

7.6.Chapter summary and conclusions 

 
7.1. Introduction  

 Since their discovery in 1991 [1], carbon nanotubes (CNTs) have been 

extensively studied for their potential uses in many engineering applications, including 

aerospace and defense [2-7], mainly as reinforcements in composite systems [8-16]. 

Buckypapers, that are thin sheets of CNTs, have shown potential for use in high velocity 

ballistic armor applications [17,18]. Since the buckypapers carry most of the properties of 

CNTs in bulk, they can be useful reinforcements to add multi-functionality to composite 

systems. For example, buckypaper could provide electrical connectivity, act as a heat 

sink and provide electromagnetic interference shielding to electronics.  

 In this project, buckypapers made with single walled carbon nanotubes 

(SWCNTs) were integrated with ultra-high molecular weight polyethylene fiber 

(UHMWPE-fiber) composites to study the effect of its reinforcement on the 

hypervelocity impact properties of the composite system. Even though a SWCNT has 

low density (1.33 g/cm3) [19], it has high values for the bulk speed of sound (21 km/s in 

longitudinal axis and 14 km/s in torsional axis) [20], which is an important characteristic 

of a good hypervelocity impact shielding material. Makeev and Srivastava (2008) [21] 
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and Makeev et al (2009) [4] have shown that the CNTs present in a composite matrix 

significantly dampen the amplitude of shock waves, making them useful for hypersonic 

velocity impact protection.  

The authors have previously studied the hypervelocity impact response of 

SWCNT reinforced UHMWPE-fiber/epoxy system [8], where the nanotubes effectively 

functioned as particle-reinforcements. Since the nanotubes were dispersed throughout the 

composite without proper interconnectedness to each other, no discernable improvement 

in the hypervelocity impact response of that composite bumper was observed. A 

buckypaper, which has nanotubes interconnected and concentrated in one region as a 

plate, is expected to affect the hypervelocity impact properties of the composite system 

much more than when the nanotubes are scattered. This work studies the effect on 

hypervelocity impact properties of the UHMWPE-fiber/epoxy composite system from: 

(a) buckypaper reinforcement at various locations inside the composite, (b) varying the 

thickness or type (surface-modified with metal) of the buckypaper placed outside the 

composite. 

 

7.2. Fabrication of buckypaper and nickel-coated buckypaper 

Buckypaper is a thin sheet of SWCNTs (Figure 7.1). It contains random netting of 

intertwined SWCNT ropes. To prepare the buckypaper, 120 mg of SWCNTs (HiPCo 

tubes from Carbon Nanotechnologies, Inc.) were sonicated with ethanol using an 

ultrasonicator probe and vacuum filtered through a Teflon (PTFE) sieve of pore-size 0.2 

µm. A uniform film of SWCNT formed on the Teflon sieve. After drying in air, under the 

fume-hood for 2 days, the SWCNT buckypaper (6.5 cm in diameter and 0.11 mm-thick) 
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was peeled off from the Teflon sieve. To prepare thick buckypapers (0.24 mm-thick and 

3.5 cm in diameter), 100 mg of SWCNTs were used.  

 

 

Figure 7.1. SWCNT buckypaper 

 

Nickel-coated buckypapers (Figure 7.2) were prepared from 0.11 mm thick 

buckypaper using the procedure described in Figure 7.3. Scanning electron micrograph of 

the nickel-coated buckypaper surface (Figure 7.4) shows good surface coverage of nickel 

coating. The nickel-coated buckypaper weighed 180 mg, which gives the weight of 

nickel-layers to be 60 mg. The thickness of the coating was calculated by considering the 

weight of the buckypaper before and after the electroless nickel-plating procedure. 

Taking the density of nickel to be 8.90 g/cm3 [22], thickness of the total coating (on both 

sides) is calculated to be around 1 µm, i.e. a coating thickness of 0.5 µm for each side of 

the buckypaper.  
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Figure 7.2. A nickel-coated buckypaper 

 
 

 
 
Figure 7.3. Detailed scheme for electroless nickel-plating of buckypaper. Purification + 

Oxidation was done using one-pot method [23]. Sensitization, activation and nickel-

plating of buckypaper were done by adapting processes used for nickel-plating graphite 

and carbon nanotubes [24,25,26].  

Down%packing,SWCNTs, Purifica7on,+,Oxida7on,of,SWCNTs, Buckypaper,fabrica7on,

Sensi7za7on,Ac7va7on,Nickel%pla7ng,

1.   Wet,the,fluffy,SWCNTs,
with,ethanol,

2.   Collect,over,filter,paper,

1.   Reac7on,with,aq.,H2O2,and,HCl,
(60°C,,4,hours),to,dissolve,iron,
catalyst,nanopar7cles,

2.   Process,introduces,–OH,and,–COOH,
groups,on,nanotube,sites,with,
defects,

1.   Ultasonica7on,of,
SWCNTs,in,ethanol,

2.   Collect,over,PTFE,sieve,
(0.2μm,pore%size),via,
vacuum,filtra7on,

1.   Immerse,buckypaper,for,
20,min.,in,aged,0.1M,
SnCl2,+,0.1M,HCl,
solu7on,,

2.   Rinse,with,excess,
deionized,water,

1.   Immerse,buckypaper,for,
20,min.,in,0.0014M,PdCl2,
+,0.1M,HCl,solu7on,,

2.   Rinse,with,excess,
deionized,water,

1.   Immerse,buckypaper,in,nickel%
pla7ng,bath,for,20,min.,

2.   pH,adjusted,(8.5%8.7),with,NH4OH,
3.   Nickel%pla7ng,bath,in,200,mL,

deionized,water:,
NiSO4.6H2O,=,5.0g,
NaH2PO2.2H2O,=,3.0g,
NaHC6H5O7.1.5H2O,=,1.0g,
NH4Cl,=,12.0g,
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Figure 7.4. SEM image of the cross-section (tilted) of nickel-coated buckypaper. The 

fibrous nanotubes are seen on the left. The nickel coating (on the right) is thin but 

uniform. 

 

7.3. Fabrication of composite laminates 

All composite laminate samples (10 cm by 10 cm) were fabricated by 

compression molding using the process described in [8]. Each composite has 4 layers of 

ultra-high molecular weight polyethylene (UHMWPE) fabrics in 0°/90° orientation. For 

composites with buckypaper inside them, buckypaper was introduced in between the 

desired layers during the wet lay-up process.  

1"μm"
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Figure 7.5. A buckycomposite with buckypaper reinforced in its mid-plane 

7.4. Hypervelocity impact experiments 

 The hypervelocity impact tests were carried out on samples arranged in a Whipple 

Shield configuration, as illustrated in Figures 7.6 and 7.7. For all experiments, 1.01 mm 

(0.04”) thick aluminum plates (2024 Al alloy) were used as rear walls. A standoff of 10.2 

cm (4”) was maintained between bumpers and rear walls. 

 

Figure 7.6. Photograph of test configuration of the hypervelocity impact experiments.  
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Figure 7.7 Schematic diagram of the test configuration. 

Two composite bumper designs were tested. Design (i) bumpers have buckypaper 

inside them, as illustrated in Figures 7.8 (a) and (b), which are named mid-bp-composite 

and under1-bp-composite respectively. The mid-bp-composite has a buckypaper in its 

mid-plane, whereas the under1-bp-composite has a buckypaper underneath the first fabric 

layer. Design (ii) bumpers have buckypapers lined on top of the composites, i.e. outside 

the composite laminates, as illustrated in Figure 7.8 (c). Since the buckypapers are 

outside the composites, design (ii) allows more flexibility in the type of buckypapers that 

can be used. Therefore, in design (ii) experiments, thick buckypaper (0.24 mm in 

thickness) and nickel-coated buckypaper were also investigated for their hypervelocity 

impact properties. The composite bumpers without any buckypaper are named neat 

composites, and the composite bumpers lined with buckypaper, thick buckypaper and 

nickel-coated buckypaper are named bp-lined composite, thick-bp-lined composite and 

Ni-bp-lined composite respectively. Each type of bumper was tested with aluminum 

projectiles of size 1.59 mm (1/16”) and 2.38 mm (3/32”) with velocities around 7 km/s 
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and 6.8 km/s respectively. Table 1 lists all the HVI experiments along with the relevant 

experimental observations. 

 

 
 
Figure 7.8. Schematics of the composite bumper designs. (a),(b) Composites with 

buckypaper inside them (a) in mid-plane (b) underneath the first fabric layer.  

(c) Composite with buckypaper lined on the top of its first layer. 

 
Table 7.1. Log of hypervelocity impact experiments 

Design No 
 

Bumper type Projectile 
size 
(mm) 

Impact 
velocity 
(km/s) 

Bumper 
hole size 
(mm) 

Rear  
wall  
perfo-
ration? 

# of    
holes 

(i) 1 neat composite         1.59 7.02 4.13 Yes 2 

(i) 2 mid-bp-composite 1.59 7.03 3.94 Yes 2 

(i) 3 under1-bp-composite 1.59 7.17 3.98 Yes 1 

(i) 4 neat composite 2.38 6.89 5.61 Yes 55 

(i) 5 mid-bp-composite 2.38 6.87 5.03 Yes 49 

(i) 6 under1-bp-composite 2.38 6.81 5.05 Yes 38 

(ii) 7 neat composite  1.59 7.02 4.13 Yes 2 

(ii) 8 bp-lined composite  1.59 7.03 3.90 Yes 1 

(ii) 9 thick-bp-lined 

composite 

1.59 7.07 4.00 No 0 

(ii) 10 Ni-bp-lined composite 1.59 7.18 4.16 No 0 

(ii) 11 neat composite 2.38 6.89 5.61 Yes 55 

(ii) 12 bp-lined composite 2.38 6.76 5.11 Yes 32 

(ii) 13 thick-bp-lined 

composite 

2.38 6.90 5.40 Yes 25 

(ii) 14 Ni-bp-lined composite 2.38 6.79 5.35 Yes 23 

(a)$ (b)$ (c)$
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7.5. HVI test results and post-test analysis  

Each HVI penetrated the composite bumper and damaged the aluminum rear wall 

placed 10.2 cm behind the bumper. One example of post-test observation of impacted 

bumper and its rear wall is shown in Figure 7.9. The post-impact analysis included the 

measurement of the size of the entry holes on the composite bumpers and assessment of 

the damage to the aluminum rear wall. For experiments with same projectile size, the 

sizes of entry holes in the composite bumpers were comparable to one another. 

 
 

Figure 7.9. (a) Post-impact photograph of mid-bp-composite bumper showing a central 

entry hole surrounded by the delamination of fabric layers. (b) The image of damaged 

rear wall from the same experiment. Design (i), shot #5.  

 

7.5.1. Bumper design (i) experiments 

The photographs of the damaged rear walls from experiments with design (i) 

bumpers are catalogued in Figure 7.10. The rear wall failure occurred with all three 

composite bumpers in impacts with both smaller (1.59 mm) projectiles and with larger 

(2.38 mm) projectiles, with the rear wall damage characteristics being similar for the 
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particular projectile size impacts. In general, all three composite bumper samples 

produced similar hypervelocity impact resistance.  

 
Figure 7.10. Post-impact photographs of the rear walls for HVI experiments with design 

(i) composite bumpers (buckypapers inside the composite). Photographs #1-3 are from 

experiments with 1.59 mm projectiles and #4-6 are from 2.38 mm projectiles. 

 

However, on closer examination of the rear wall damage, it is observed that the 

amount of damage endured by the rear wall with under1-bp-composite is comparatively 

less than with mid-bp-composite or neat composite. In impacts with 1.59 mm projectiles, 

rear wall with under1-bp-composite has 1 perforation and with mid-bp-composite and 

neat composite has 2 perforations each. In impact with 2.38 mm projectiles, rear wall 

with under1-bp-composite has 38 perforations and with mid-bp-composite and neat 

1" 2" 3"

4" 5" 6"

neat%composite% mid-bp-composite% under1-bp-composite%

1b" 2b" 3b"
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composite has 49 and 55 perforations respectively. These differences in the rear wall 

damage, although minor, are very interesting because for the two composites with 

buckypapers inside them, all the experimental conditions are the same except for one 

variable, the location of the buckypaper inside the composite. Nanotubes inside a 

composite system have been shown to significantly dampen the amplitudes of shock 

waves traversing through the composite [4]. When the aluminum projectile comes in 

contact with the top surface of the composite, it instantaneously unloads its kinetic energy 

to generate shock waves through itself and through the composite. Since the nanotube 

buckypaper in the under1-bp-composite is closer to the impact surface, in the initial phase 

of impact, higher amplitude shock waves reach the nanotube buckypaper in the under1-

bp-composite than the buckypaper in the mid-bp-composite. This ensures that more 

energy is dissipated by the under1-bp-composite. Thus upon penetration, lesser energy is 

carried through by the resulting debris cloud that then imparts lesser damage to the rear 

wall.  

The rear wall damage for the neat composite and mid-bp-composite are very 

similar. These results indicate that the presence of buckypaper in the mid-plane of the 

composite does not affect the impact response of the composite system. When present 

deep inside the composite, the dampening effect of the shock wave amplitude by the 

nanotubes seems to be nullified. 

 

7.5.2. Bumper design (ii) experiments 

 Buckypaper, thick buckypaper and nickel-coated buckypaper were lined on the 

front surface of the neat composite (UHMWPE-fiber/epoxy) and impacted with 
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aluminum projectiles of diameter 1.59 mm and 2.38 mm at velocities of 7 km/s and 6.8 

km/s respectively.  

The photographs of the post-impact rear walls from the bumper design (ii) 

experiments are presented in Figure 7.11. Lining the buckypaper (regular, 0.11 mm 

thickness) on the composite bumper minimized the rear wall damage (photographs #9, 

#10). Both the neat composite and the lined-bp composite did not prevent rear wall 

failure, but the number of perforations was less in lined-bp composite (1, as opposed to 2 

with the neat composite) in impacts with 1.59 mm projectiles. The composite panels lined 

with thick buckypaper (0.24 mm) and nickel-coated buckypaper (0.11 mm) resisted any 

perforation to the rear wall, i.e. no failure observed (photographs #11, #12). The 

photographs of the back surface of the rear walls (#9b-12b) show that there are fewer and 

less distinct bumps (from spallations due to micro-craters on the front surface) with thick 

buckypaper and nickel-coated buckypaper composite bumpers. 

With the larger (2.38 mm) projectile, failure is observed in all four rear walls 

(photographs #13–16). However, the extent of damage to the rear wall is less in the 

experiments with thick buckypaper and nickel-coated buckypaper. The perforations are 

smaller in size and are less in number. The characteristic of a good bumper material is to 

fragment the impacting projectile into small particles. At the same velocities, smaller 

particles carry less energy than the larger ones. Thus, a rear wall has a higher potential of 

survival (no perforation) when impacted by smaller particles.  
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Figure 7.11. Photographs of post-impact rear walls from bumper design (ii) experiments. 

Photographs #9-12 are from experiments with 1.59 mm projectiles and #13-16 are from 

2.38 mm projectiles. #9b-#12b are photographs of the backside of the rear walls in #9-12. 

 

 

Overall, thick buckypaper and nickel-coated buckypaper lined along the front 

surface of the neat composite provide the best hypervelocity impact resistance. Moreover, 

the improvement in impact resistance in these two systems is similar to one another. 

Table 7.2 compares the characteristics of the three types of buckypapers used in this 

study. As compared to the thick buckypaper, the nickel-coated buckypaper is less than 

half in thickness, contains almost 3 times less SWCNTs per area and weighs much less 

than the thick buckypaper but provides the same impact resistance.  

7" 10"9"8"

7"b" 8"b" 9"b" 10"b"

13" 14"

Failure " " """""" """"""""""""""Failure" " " " " "Pass" " " " """""""""""""""Pass ""

neat%composite% bp-lined%composite% thick-bp-lined%composite% Ni-bp-lined%composite%

12"11"
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Table 7.2. Buckypaper types and their nanotube content 

Buckypaper type Thickness 
(mm) 

Weight 
(mg/cm2) 

Amount of nanotubes 
(mg/cm2) 

Regular 0.11 0.90 0.90 

Thick 0.24 2.60 2.60 

Nickel-coated 0.11 1.80 0.90 

 

As compared to the regular thickness buckypaper, nickel-coated buckypaper 

provides much better impact resistance as illustrated by non-failure of the rear wall with 

1.59 mm projectile impact. This is interesting for the fact that the only difference between 

these two samples is the 1 µm (0.5 µm on each side) thick nickel-coating.  

Generally, materials that have high density and large values for the speed of 

sound are good bumpers for hypervelocity impact shielding [27]. The impact on these 

materials produces shock waves that impart intense pressures on the projectile. The peak 

pressure during a hypervelocity impact is estimated using the Rankine-Hugoniot equation 

[28]:  

  P = ρ U up   (1) 

Where,  U = C + S up   (2) 

Therefore,  P = ρ (C + S up) up  (3) 

Here, ρ is the density of the target surface in g/cm3, C is speed of sound in target in km/s, 

U is the shock wave velocity in km/s, S is a dimensionless constant with values close to 1 

for most materials and up is the velocity of impacting projectile in km/s. Thus for a given 

impacting velocity, the peak pressure is mainly dependent on the product of material 
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density and the speed of sound. At velocities around 7 km/s, the materials with high 

density and large values for the speed of sound induce shock waves on the impacting 

projectiles that are intense enough to melt the projectiles. The debris cloud so formed has 

smaller particulates and larger area. This affords the rear wall with better chances of 

survival. Material density and the speed of sound values of the materials used in this 

study are presented in Table 7.3.  

 

Table 7.3. Density and speed of sound in materials used in this study 

Material Density, ρ 
(g/cm3) 

Speed of sound, C 
(km/s) 

(ρ! C) 

Nickel 8.90 [22] 5.66 [22] 50.37 

Single walled carbon 
nanotube 

1.33 [19] 21 (longitudinal)[20] 

14 (torsional) 
27.93 
18.62 

UHMW polyethylene 0.97 [29] 7.2 [29] 6.98 

Epoxy 1.20 [30] 2.5 [30] 3.0 

 
 
 From Table 7.3, it is evident that nickel has the required attributes to be a good 

bumper material. SWCNTs, with their high values for the speed of sound, also have the 

characteristics required for a good bumper material. When used together in a system, 

even with only 1µm thick nickel layers on 0.11 mm thick nanotube buckypaper, 

hypervelocity impact resistance of the system is improved.  

 

7.6. Summary and conclusion 

 Single-walled carbon nanotube buckypapers were fabricated via vacuum 

filtration. Some buckypapers were coated with nickel via electroless nickel-plating 
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method. Composite panels with UHMWPE-fiber in epoxy matrix with and without 

reinforced buckypaper were prepared by compression molding.  

Two bumper designs were tested to study their hypervelocity impact resistance 

characteristics. In bumper design (i), buckypapers were introduced inside the composite 

and in design (ii), buckypapers were placed outside, on the front surface of the 

composites. The composite bumpers were subjected to direct impact by aluminum 

projectiles of sizes 1.59 mm and 2.38 mm at velocities around 7 km/s and 6.8 km/s 

respectively. The results show that the location of buckypaper inside the composite 

affects the hypervelocity impact response of the system. Better impact resistance is 

achieved when the buckypaper is placed underneath the first fabric layer as opposed to 

the mid-plane of the composite system. Being closer to the impact surface subjects the 

buckypaper to higher amplitude shock waves, thus dissipating more energy. For design 

(ii) composite bumpers, best impact resistance is achieved with thick buckypaper  (0.24 

mm thickness) and nickel-coated buckypaper (0.11 mm). Nickel-coating a thin 

buckypaper provides the same hypervelocity impact resistance as a non-coated thick 

buckypaper that weighs 44% more and contains 3 times more nanotubes by weight. 1µm 

thickness of nickel layers on a 0.11 mm thick buckypaper greatly improves the impact 

resistance of the buckypaper. Physical properties such as high bulk speed of sound in the 

nanotubes, and a combination of high density and high speed of sound in nickel, makes 

the nickel-coated buckypaper a good hypervelocity impact bumper material. The results 

from this study, combined with the other unique properties of the nanotubes (such as high 

electrical conductivity), demonstrate the potential for the nanotube buckypaper to add 

true multi-functionality in aerospace systems. 
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Chapter 8. Conclusions and suggestions for future work 
 
 

This dissertation experimentally develops an understanding of the hypervelocity 

impact response of CNTs – at the nanotube level. Hypervelocity impact experiments and 

post-impact materials analysis are conducted for SWCNTs and DWCNTs, to investigate 

their survivability or phase transformation due to the high-energy shock pressures and the 

ultra-high strain loading conditions of hypervelocity impacts. The results show that both 

these CNTs are resistant to the hypervelocity impact conditions. Under our experimental 

conditions, SWCNTs survive impacts up to 4.07 km/s, but transform to graphitic ribbons 

and nanodiamonds at higher impact velocities. These nanodiamonds, owing to their 

relatively large cluster-size, are metastable and transform to onion-like nanocarbon over 

time. DWCNTs retain their form and structure even at impacts over 7 km/s. The fact that 

additional energy is absorbed due to relative motion between the layers in the transverse 

direction of the coaxial nanotubes in DWCNT is the likely reason for their higher 

hypervelocity impact resistance than the SWCNTs.  

This dissertation also researches the effect of reinforcement of carbon nanotubes 

and their buckypapers on the hypervelocity impact shielding properties of UHMWPE-

fiber composites arranged in a Whipple Shield configuration (a shield design used for the 

protection of the international space station from hypervelocity impacts by orbital debris). 

Composite systems integrated with SWCNTs as dispersed particles in polymer matrix 

and in the form of buckypapers are studied. The effects on the hypervelocity impact 

properties of the composite due to the location of buckypaper reinforcement; buckypaper 

thickness and surface modification of buckypaper with metals are studied and analyzed. 

The results show that nanotubes dispersed in polymer matrix do not affect the 
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hypervelocity impact resistance of the composite system. Nanotube buckypapers, 

however, improve the impact resistance of the composite, owing to the collective 

dampening of the shock wave amplitudes by the interconnected nanotube network in a 

buckypaper. The location of the buckypaper inside the composite, its thickness, and its 

surface modification with metals, all affect its hypervelocity impact shielding properties. 

Buckypaper coated with nickel and placed on the top surface of the UHMWPE-fiber 

composite provides the best impact resistance. Physical properties such as high bulk 

speed of sound in the nanotubes, and a combination of high density and high bulk speed 

of sound in nickel make the nickel-coated buckypaper a good hypervelocity impact 

shielding material. 

Additionally, the differences in the hypervelocity impact properties of a nanograin 

aluminum alloy from its commercial (micrograin) counterpart were investigated. Despite 

its higher hardness, the nanograin aluminum alloy exhibited comparable hypervelocity 

impact resistance as the commercial one.  

Broadly, the research conducted in this dissertation provides novel scientific 

understanding on the application of carbon nanotechnology on the realm of hypervelocity 

impact phenomena.  More specifically, this research develops a new understanding of the 

response of CNTs to the high pressure and ultra-high strain conditions of hypervelocity 

impacts, and of the effects of various CNT-reinforcements on the hypervelocity impact 

properties of fiber-reinforced polymer composites.  

 
Suggestions for future work: 

• SWCNTs impacted at velocities higher than what we could achieve with our tool 

(>7 km/s) or impacting a target material harder than aluminum could undergo 
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phase transformation to form Lonsdaleite, the hexagonal diamond, which is 

observed in some samples from meteor-impacts on Earth. Using the experimental 

process described in this dissertation, first Lonsdaleite samples from nanotube 

precursors or other new forms of nanocarbon could be fabricated.  

• Study the hypervelocity impact response of projectiles of MWCNTs and compare 

with the results for SWCNTs and DWCNTs presented in this dissertation. 

• Study the hypervelocity impact response of projectiles of nanotube dispersed 

polymer matrix composites (PMC) so as to understand the behavior of CNTs 

when surrounded by a matrix material.  

• Study the hypervelocity impact response of nanotube dispersed metal matrix 

composites (MMC) and ceramic matrix composites (CMC) as projectiles and as 

impact targets for hypervelocity impact shielding and ballistic armor applications. 

• Study MWCNT buckypaper with varying thickness and surface modification 

integrated to composite laminates for hypervelocity impact shielding applications. 

• Study the effect of buckypaper reinforcement on carbon fiber (or any other high-

performance fiber that undergoes brittle fracture) reinforced composite on its 

hypervelocity impact properties.  

• Study nickel-coated buckypaper for armor/ballistic and electronic applications. 
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Appendix A 
Hypervelocity impact properties of nanocrystalline aluminum 5083  

 
A.1. Introduction 

A.2. Nanocrystalline Al 5083 

A.3. Sample properties 

A.4. Hypervelocity impact experiments, results and discussion 

A.5. Summary and conclusion 

 

A.1. Introduction 

 Aluminum 5083 is a high strength and corrosion resistant alloy used in 

cryogenics, marine applications, and armor plates in military applications [1]. In this 

study, nanocrystalline Al 5083 plates were investigated for their hypervelocity impact 

properties to assess their potential use in armor and aerospace applications.  

 Nanocrystalline metals and alloys have multitude of potential significance for 

engineering applications including ultra-high yield and fracture strengths, decreased 

elongation and toughness, superior wear resistance, and the promise of enhanced 

superplastic formability at lower temperatures and faster strain rates compared to their 

microstructural counterparts [2]. The increased strength of nanocrystalline and ultra-fine-

grained (UFG) materials compared with their conventional counterparts offers 

considerable promise for their use in structural applications [3]. In addition, 

nanocrystalline metals have higher hardness due to grain refinement, which is an 

attractive attribute of a hypervelocity impact shielding material.  
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A.2. Nanocrystalline Al 5083 

The nanocrystalline Al 5083 used in this study is as-HIPped cryomilled plate 

received from Enrique Lavernia’s group in UC Davis. The preparation procedure of the 

samples as described in [4] is as follows: A single 20 kg powder charge of spray-

atomized Al 5083 (nominal composition Al-4.4Mg-0.7Mn-0.2Cr, wt.%) was cryomilled 

in a circulating attritor mill with a stainless steel milling ball to powder mass ratio of 32 

to 1. Stearic acid was added at a concentration of approximately 0.2 wt. % of the powder 

charge as a process control agent to prevent excessive cold welding of the powder 

particles. Liquid nitrogen was added continuously to the mill to maintain a roughly 

constant level of liquid nitrogen in the mill, thus creating slurry of liquid nitrogen, 

aluminum powder, and milling balls. The cryomilled powders were charged into an 

aluminum alloy can and degassed under vacuum at approximately 673 K until a vacuum 

level of 10−6 torr had been achieved. At the completion of the degassing cycle, the stem 

was crimped and welded shut, and then the can was HIPped at a temperature of 

approximately 600 K and chamber pressure of approximately 100 MPa. 

 

A.3. Sample properties 

 The samples tested in this study are (a) nanocrystalline Al 5083 prepared as 

described in section A.2, and (b) microcrystalline Al 5083-H116 obtained from 

McMaster Carr. The temper designation of H116 means the sample was strained 

hardened. The density of both the samples is 2.66 kg/m3. All plates have thickness of 1.1 

mm. Whelchel et al [1], who undertook microstructural analysis of the McMaster Carr Al 

5083-H116 samples, have reported that the average grain size at the longitudinal 
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direction (direction of rolling for strain hardening) is 66±20 µm. The average grain size 

of the nanocrystalline Al 5083 is 138 nm [4]. Since hardness of the sample is of special 

interest for hypervelocity impact testing, hardness of both types of samples was 

determined before testing. Hardness values measured with Micromet® Micro Hardness 

Tester are listed in Table 1. 

 

Table A.1. Hardness values for nanocrystalline Al 5083 and microcrystalline Al 5083 

Nanocrystalline Al 5083 Microcrystalline Al 5083 

Vickers-HV Vickers-HV (GPa) Vickers-HV Vickers-HV (GPa) 

141 1.383 103 1.010 

145 1.422 112 1.098 

128 1.255 92.7 0.909 

141 1.383 114 1.118 

141 1.383 103 1.010 

138 1.353 112 1.098 

141 1.383 112 1.098 

Mean:  139.29  1.366 106.95  1.048 

 

A.4. Hypervelocity impact experiments, results and discussion 

 For hypervelocity impact experiments, aluminum samples were arranged as 

bumper plates in a Whipple Shield configuration as shown in Figure 7.7. A two-stage 

light gas gun (Figure 3.1) was used for the impact experiments. Al 6061-T6 plates, 0.5 

mm thick, were used as witness plates in all experiments. A standoff of 10.2 cm was 

maintained between the sample bumper and the rear wall. 1.59 mm (1/16”) Al 2017 
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spheres were used as projectiles. Log of the hypervelocity impact experiments and 

relevant data is summarized in Table 2. Photographs of the penetrated Al samples after 

impact experiments are collected in Figure A.1. Figure A.2 is the collection of 

photographs of the post-impact rear walls. 

Table A.2. Log of hypervelocity impact experiments for aluminum samples 

Shot # Al sample Impact velocity (km/s) Entry hole size (mm) 

1 Microcystalline 7.17 5.34 

2 Nanocrystalline 6.89 4.90 

3  Microcystalline 6.69 5.08 

4  Nanocrystalline 6.53 4.72 

5  Microcystalline 5.61 4.58 

6  Nanocrystalline 5.61 4.41 

7  Microcystalline 3.72 3.71 

8  Nanocrystalline 3.36 3.29 

 

 

Figure A.1. Post-impact photographs of aluminum samples. The numbers in decimals are 

the size of the entry hole in millimeters.  

1 

8 7 6 5 

4 3 2 

5.34 4.90 5.08 4.72 

4.58 4.41 3.71 3.29 
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Figure A.2. Post-impact photographs of the rear walls. Each arrow points to a hole. The 

scale is in centimeters. 

 

 Four sets of hypervelocity impact experiments were conducted, with odd 

numbered experiments representing microcrystalline Al and even numbered representing 

nanocrystalline Al. Keeping the projectile size constant at 1.59 mm, Al samples were 

assessed at around 7, 6.5, 5.5 and 3.5 km/s. In each case, the bumper material was 

perforated, with entry hole size much larger than the projectile itself. Upon impact, the 

projectile unloads its kinetic energy to generate intense shock waves on the impacting 

surface and itself. This causes both the impacting materials to instantaneously fragment, 

melt or even vaporize, depending on the impact velocity. The penetration creates a 

conical ejecta cloud in front of the bumper and a bulb-like debris cloud behind the 

bumper (Figure 2.4). Both the clouds contain melts and fragments of both the projectile 

and the bumper, with debris cloud carrying more energy. A good bumper material creates 

a large area debris cloud with fine particulates or vapor so as to provide the rear wall 

(generally the pressure wall in spacecrafts) with better probability of survival from 

hypervelocity impacts.  

From Figure A.1, it is evident that the entry hole size for the nanocrystalline Al is 

smaller than its microcrystalline counterpart on each of the four cases. The differences in 

the hypervelocity impact characteristics between the two types of Al 5083, however, end 

there. The rear wall impact damages (Figure A.2) on each set of experiments resemble 

one another. All rear walls endured failure via multiple millimeter and sub-millimeter 

sized perforations. A few perforations in each photograph are pointed out with arrows. At 
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comparatively high impact velocities (in experiments 1 and 2), the number and size of the 

perforations are the smallest of all with the area of damage being the widest. The damage 

area contains large number of fine impact craters (characterized by sub-millimeter sized 

pits). In contrast, there are larger sized perforations with a smaller area of damage for 

comparatively lower impact velocities (experiments 7 and 8). The damage area contains 

comparatively less number of fine impact craters. The rear wall damage characteristics 

for the intermediate impact velocity experiments (3,4,5 and 6) follow the trend in 

between the highest and the lowest impact experiments. These observations suggest that 

the debris clouds for the ~7 km/s impacts have a large area with fine droplets (metal 

melts) and possibly vapor or a few solid fragments. The debris clouds for the ~3.5 km/s 

impacts have a small area with a few large solid fragments and some droplets. In other 

words, the Whipple Shield performs the best at higher impact velocities that generate 

more intense shock waves on impacting materials. These observations are consistent with 

the expected hypervelocity impact characteristics of aluminum Whipple Shield.  

Generally, a material with high hardness shocks the impacting projectile more 

intensely than a less hard material, consequently providing better hypervelocity impact 

resistance to the Whipple Shield. Given its higher hardness values, nanocrystalline Al 

5083 was expected to perform better than its microcrystalline counterpart. However, this 

was not observed. There are a few potential reasons for this. Owing to its processing 

history, the nanocrystalline sample potentially contains numerous voids and impurities 

that affect the shock wave propagation through it, thus affecting its hypervelocity impact 

resistance. The other reason could be that the increase in hardness for the nanocrystalline 
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sample is not high enough to affect the shock wave phenomena in the material, resulting 

in similar hypervelocity impact characteristics. 

 

A.5. Summary and conclusion 

 Hypervelocity impact characteristics of nanocrystalline Al 5083 were studied 

across an impact velocity range of 3.3 km/s to 7.1 km/s, and compared with its 

microcrystalline counterpart. Both the types of Al 5083 showed more similarities in their 

hypervelocity impact characteristics than differences, with the only difference being the 

smaller entry hole size for the nanocrystalline Al samples. For both the samples, the 

damage to the rear walls and debris cloud properties are similar to one another for the 

same impact velocity range. Given its higher hardness values, nanocrystalline Al 5083 

was expected to perform better than its microcrystalline counterpart. However, this was 

not observed. Possible explanations are the presence of voids in the nanocrystalline 

samples and the hardness values not being significantly high enough to affect the shock 

wave phenomena. 
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Appendix B 
HYPERVELOCITY IMPACT EXPERIMENTS LOG 
Shot

# 
Target material Projectile size @ ... km/s Remark 

0424 1/2" Al block  Nylon 0.177” @ 6.48 Good shot, no image 
0425 1/2" Al block Al 1/8” @ 6.25 Good shot, no image 
0426 1/2" Al block Al 1/8”  Bad shot 
0427 1/2" Al block Al 1/8” @ 6.26 No image 
0428 1/4" Fiberglass/vinyl ester 

panel 
Al 1/16” @ 6.97 No images 

0429 1/4" Fiberglass/vinyl ester 
panel 

Al 1/16”  Bad shot 

0430 SWCNT buckypaper on 
1/2” Al block 

Al 1/16” @ 7.28 Ejecta captured on 
acrylic tube 

0431 SWCNT buckypaper on 
1/2” Al block @ 45° 
impact 

Al 1/16” @ 7.01 Ejecta captured on 
Al film 

0432 0.04” Al plate Al 1/32”  Bad shot 
0433 0.04” Al plate Al 1/32” @ 7.25 No images 
0434 0.04” Al plate Al 1/32”  Bad shot 
0435 0.04” Al plate Al 1/32”  Bad shot 
0436 0.04” Al plate Al 1/32” @ N/A No images 
0437 0.04” Al plate Al 1/8” @ 6.25 No images 
0438 0.04” Al plate Al 1/8” @ 6.39 Image of impact 
0439 0.04” Al plate Al 1/8” @ 6.35 No images 
0440 0.04” Al plate Al 1/8” @ 6.16 No images 
0441 0.04” Al plate Al 1/8” @ 6.46 No images 
0442 0.02” Al plate Al 1/8” @ 6.55 New launch tube, no 

images 
0443 Spectra/Epoxy; 0/90; 

bumper 
Al 1/16” @ 7.03 No image 

0444 Spectra/Epoxy; 0/0; 
bumper 

Al 1/16”  Bad shot 

0445 Spectra/Epoxy laminate; 
0/0 

Al 1/16” @ 7.20 Good shot; image of 
debris cloud  

0446 Spectra/Epoxy laminate; 
0,45 

Al 1/16” @ 7.13 Good shot; image of 
debris cloud 

0447 Al Whipple shield SWCNT ball @ 7.46 Image of impact 
0448 1/2” Al block SWCNT ball @ 7.12 Projectile 

fragmented 
0449 1/2” Al block SWCNT ball  Bad shot 
0450 1/2” Al block SWCNT ball @ 7.09 1 clean crater 

formed 
0451 Spectra/Epoxy; 0/90; rear 

wall 
Al 1/16”  Bad shot 
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0452 Spectra/Epoxy; 0/90; rear 
wall 

Al 1/16” @ 7.04 Bumper impact 
image 

0453 Spectra/Epoxy; 0/90; rear 
wall 

Al 1/8” @ 6.54 Bumper impact 
image 

0454 Spectra/Epoxy; 0/90; rear 
wall 

Al 3/32” @ 6.84 Image of bumper 
and rear wall 
impacts 

0455 Spectra/Epoxy; 0/90; 
bumper 

Al 1/8” @ 6.46 Image of impact 

0456 Spectra/Epoxy; 0/90; 
bumper 

Al 3/32” @ 7.03 Image of impact 

0457 Spectra/Epoxy/SWCNT; 
0/90; bumper 

Al 1/16” @ 7.11 Image of impact 

0458 Spectra/Epoxy/SWCNT; 
0/90; bumper 

Al 1/16” @ 7.16 No image 

0459 Spectra/Epoxy/SWCNT; 
0/90; bumper 

Al 1/16” @ 7.12 No image 

0460 2” Teflon block SWCNT ball @ 7.27 1 clean crater 
formed 

0461 2” Teflon block Al 0.80 mm @ 7.25 Al same mass as 
SWCNT 
buckypearl; Larger 
crater 

0462 1/2” Al block SWCNT ball @ 7.05 Projectile 
fragmented 

0463 0.04” Al plate MWCNT particle @ 7.15 Projectile 
fragmented 

0464  1/2” Al block DWCNT particle @ 7.11 1 clean crater 
formed 

0465 DWCNT buckypaper on 
½” Al block 

Al 1/16” @ 7.32 Ejecta captured on 
acrylic tube 

0466 Copper metal (0.080”) SWCNT ball @ 7.22 1 clean crater 
formed 

0467 Titanium metal (0.250”) SWCNT ball @ 7.27 1 clean crater 
formed 

0468 Nickel metal (0.125”) SWCNT ball @ 7.33 1 clean crater 
formed 

0469 1/2" Al block SWCNT ball @ 4.15 4 km/s shot 
0470 1/2" Al block SWCNT ball  Bad shot 
0471 1/2" Al block SWCNT ball @ 2.52 2 km/s shot 
0472 Spectra/Epoxy/SWCNT; 

rear wall 
Al 3/32” @ 6.87 Good images 

0473 Spectra/Epoxy/SWCNT; 
bumper 

Al 1/8” @ 6.45 No image 

0474 Al 6061, 0.016”; rear wall Al 1/16”  Bad shot 
0475 Al 6061, 0.016”; rear wall Al 1/16” @ 7.07 No Image 
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0476 Al 6061, 0.016”; rear wall Al 3/32” @ 8.84 Image of debris 
cloud 

0477 Al 6061, 0.016”; rear wall Al 1/8” @ 6.47 No image 
0478 Copper metal (0.080”) DWCNT particle @ 7.17 Good shot; no image 
0479 Titanium metal  DWCNT particle @ 7.19 Good shot; images 
0480 Nickel metal DWCNT particle @ 7.26 Good shot; no image 
0481 Titanium metal SWCNT ball  Bad shot 
0482 Titanium metal SWCNT ball Bad shot 
0483 Titanium metal SWCNT ball  Bad shot 
0484 Titanium metal SWCNT ball  Bad shot 
0485 Titanium metal SWCNT ball  Bad shot 
0486 0.016” Al (6061) bumper Al 1/8” @ 6.49 Good shot; images 
0487 Spectra/Epoxy/SWCNT; 

rear wall 
Al 1/8” @ 6.50 Good shot; images 

0488 0.016” Al (6061) bumper Al 3/32” @ 6.85 Good shot; images 
0489 Spectra/Epoxy/SWCNT; 

bumper 
Al 3/32” @ 6.89 Good shot; images 

0490 Spectra/Epoxy/SWCNT; 
rear wall 

Al 1/16”  Bad shot 

0491 Spectra/Epoxy/SWCNT; 
rear wall 

Al 1/16” @ 7.01 Good shot/ not used 

0492 Spectra/Epoxy/SWCNT; 
rear wall 

Al 1/16” @ 7.01 Good shot; no image 

0493 ½” Al block SWCNT ball  Bad shot 
0494 ½” Al block SWCNT ball @ 7.15  Good shot, no 

images 
0495 BN coated Spectra/Epoxy 

bumper 
Al 3/32” @ 6.95 Images of impact 

0496 Carbon fiber, 8 layer panel, 
rear wall; Al 6061 (0.02”) 
bumper 

Al 1/8” @ 6.53 No images 

0497 1/8” Surlyn, 3” back/front Al 3/32” @ 6.79 No images 
0498 ½” Silicone sponge rubber Al 3/32” @ 6.86 No images 
0499 ¼” Silicone sponge rubber Al 3/32” @ 6.93 No images 
0500 1/8” Silicone sponge 

rubber 
Al 3/32” @ 6.81 No images 

0501 Foam cuts PN  Al 3/32” @ 6.77 No images 
0502 Foam cuts PN  Al 3/32” @ 6.77 No images 
0503 Foam cuts PN  Al 3/32” @ 6.92 No images 
0504 Carbon fiber 0.8 mm panel Al 3/32” @ 6.78 No images 
0505 CNT/Carbon fiber 0.8 mm 

panel 
Al 3/32” @ 6.87 No images 

0506 CNT/Carbon fiber 0.8 mm 
panel 

Al 3/32” @ 6.86 No images 
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0507 CNT/Carbon fiber 0.8 mm 
panel 

Al 3/32” @ 6.86 No images 

0508 Foam cuts PN  Al 3/32” @ 6.84 No images 
0509 0.02” Al 6061 Al 3/32” @ 6.83 No images 
0510 Foam cuts PN  Al 3/32” @ 6.76 No images 
0511 Foam cuts PN  Al 3/32” @ 6.77 No images 
0512 ½” Al block DWCNT ball @ 7.24  Good shot, no 

images 
0513 0.06” Surlyn Al 3/32” @ 6.77 No images 
0514 ½” Al block DWCNT ball @ 5.71  Good shot, no 

images 
0515 ½” Al block DWCNT ball @ 2.93  Good shot, no 

images 
0516 0.05” Surlyn Al 3/32” @ 6.85 No images 
0517 Foam 0.5” Al 3/32” @ 6.89 No images 
0518 Foam PN Al 3/32” @ 6.85 No images 
0519 Foam 0.5” Al 3/32” @ 6.82 No images 
0520 Foam 0.25” Al 3/32” @ 6.79 No images 
0521 Foam 0.125” Al 3/32” @ 6.88 Dark images 

obtained 
0522 Foam 0.125” IP Al 3/32” @ 6.80 No images 
0523 Foam 0.125” Al 3/32” @ 6.92 Dark images 

obtained 
0524 Foam 0.125” Al 3/32” @ 6.82 No images 
0525 Foam 0.125” Al 3/32” @ 6.84 No images 
0526 Foam 0.032” Al 3/32” @ 6.75 No images 
0527 Foam 0.125” Al 3/32” @ 6.83 Dark images 

obtained 
0528 Foam 0.032” Al 3/32” @ 6.77 No images 
0529 Foam 23 mil NP Al 3/32” @ 6.80 Good shot 
0530 Foam 10 mil CF Al 3/32” @ 6.82 Dark images 

obtained 
0531 Foam 15 mil NP Al 3/32” @ 6.85 No images 
0532 Buckycomposite bumper Al 3/32” @ 6.89 Good shot, no 

images 
0533 Buckycomposite bumper Al 1/8” @ 6.50  Good shot, no 

images 
0534 ½” Al block MWCNT ball @ 6.85  Projectile 

fragmented in-flight 
0535 ½” Al block Al 1/32” @ 7.02  Good shot, no 

images 
0536 ½” Al block SWCNT ball Bad shot 
0537 ½” Al block SWCNT ball Bad shot 
0538 ½” Al block SWCNT ball @ 7.28  Good shot, images 

of impact 
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0539 ½” Al block SWCNT ball @ 4.72  Good shot, no 
images 

0540 ½” Al block MWCNT ball @ 6.94  Projectile 
fragmented in-flight 

0541 WSTF verification shot Al 2.8 mm @ 6.57 Good shot 
0542 0.08” Al 6061, pressurized Al 1.2 mm @ 7.12 Good shot 
0543 0.08” Al 6061, Surlyn, 

pressurized 
Al 1.2 mm @ 6.86 Good shot 

0544 0.08” Al 6061, Surlyn, 
Spectra, pressurized 

Al 1.2 mm @ 7.10 Good shot 

0545 WSTF verification shot Al 2.8 mm @ 6.55 Good shot 
0546 Foam 0.032” POR Al 3/32” @ 6.87 Good shot 
0547 Foam 0.010” HT Al 3/32” @ 6.95 Good shot 
0548 Foam 3 mil CF Al 3/32” @ 6.87 Good shot 
0549 Foam-CD Al 3/32” @ 6.80 Good shot, images 
0550 Foam, water bottle plastic Al 3/32” @ 6.80 Good shot, no 

images 
0551 ½” Al block Al 1/8” @ 6.47 Good shot, images 
0552 ½” Al block Al 1/8” @ 6.49 Good shot, no 

images 
0553 ½” Al block MWCNT ball @ 6.55  Projectile 

fragmented in-flight 
0554 Buckycomposite bumper Al 3/32” @ 6.90  Good shot 
0555 3-buckycomposite bumper Al 3/32” @ 6.76  Good shot, no 

images 
0556 Buckycomposite bumper Al 3/32” @ 6.83  Good shot 
0557 Neat composite bumper Al 3/32” @ 6.81  Good shot, no 

images 
0558 Buckycomposite bumper Al 3/32” @ 6.78  Bad shot 
0559 Buckycomposite bumper Al 3/32” @ 6.83  Good shot, images 

before impact 
0560 Neat composite bumper Al 3/32” @ 6.72  Good shot, no 

images 
0561 Neat composite bumper Al 3/32” @ 6.82  Good shot, no 

images 
0562 Neat composite bumper Al 3/32” @ 6.89  Good shot, images 

of impact 
0563 Buckycomposite bumper Al 3/32” @ 6.87  Good shot, images 

of impact 
0564 Pressurized testing Al 1.2 mm @ 6.87 Bad shot 
0565 Pressurized testing Al 1.2 mm @ 7.10 Good shot 
0566 Pressurized testing Al 1.2 mm @ 6.84 Good shot 
0567 0.90” Al 6061 Al 1.5 mm @ 6.49 Good shot 
0568 0.90” Al 6061 Al 1.2 mm @ 6.92 Good shot 
0569 Pressurized testing Al 1.2 mm @ 6.71 Good shot 
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0570 0.90” Al 6061 Al 1.5 mm @ 6.82 Good shot 
0571 Pressurized testing Al 1.5 mm @ 6.71 Good shot 
0572 Pressurized testing Al 1.5 mm Bad shot 
0573 Pressurized testing Al 1.5 mm @ 6.71 Good shot 
0574 Pressurized testing Al 1.5 mm @ 6.86 Good shot 
0575 Pressurized testing Al 1.5 mm @ 6.75 Good shot 
0576 Pressurized testing Al 1.5 mm @ 6.83 Good shot 
0577 Ni-buckycomposite 

bumper 
Al 3/32” @ 6.77  Good shot, no 

images 
0578 Pressurized testing Al 1.8 mm @ 6.99 Good shot 
0579 Pressurized testing Al 1.5 mm @ 6.70 Good shot 
0580 Pressurized testing Al 1.5 mm @ 6.91 Good shot 
0581 Pressurized testing Al 1.5 mm  Bad shot 
0582 Pressurized testing Al 1.5 mm @ 6.77 Good shot 
0583 Ni-buckypaper on neat 

composite bumper 
Al 3/32” @ 6.79  Good shot, no 

images 
0584 Pressurized testing 1014 Al 1.5 mm @ 6.99 Good shot 
0585 Pressurized testing 1016 Al 1.5 mm @ 6.94 Good shot 
0586 Pressurized testing 1013 Al 1.5 mm @ 6.83 Good shot 
0587 Pressurized testing 1017 Al 1.5 mm @ 6.87 Good shot 
0588 Pressurized testing 1027 Al 1.5 mm @ 6.73 Good shot 
0589 Pressurized testing 

baseline 
Al 1.5 mm @ 6.80 Good shot 

0590 Pressurized testing 1030 Al 2.8 mm @ 6.63 Good shot 
0591 Pressurized testing 1032 Al 2.8 mm @ 5.87 Good shot 
0592 Pressurized testing 1033 Al 2.8 mm @ 5.21 Good shot 
0593 Pressurized testing 1034 Al 2.8 mm @ 4.37 Good shot 
0594 Pressurized testing 1028 Al 2.8 mm @ 5.30 Good shot 
0595 Pressurized testing 1029 Al 2.8 mm @ 4.37 Good shot 
0596 Pressurized testing 1039 Al 1/8” @ 6.52 Good shot 
0597 MLI coupon on Al plate as 

bumper and rear wall 
Steel 1.0 mm @ 6.84  Bad shot, 

improperly secured 
target 

0598 MLI coupon on Al plate as 
bumper and rear wall 

Steel 1.0 mm @ 6.78  Good shot, no 
images 

0599 Pressurized testing 1035 Al 1/8” @ 6.43 @ 45° Good shot 
0600 ½” Al block MWCNT ball  Bad shot 
0601 Pressurized testing 1036 Al 1.5 mm Bad shot 
0602 Pressurized testing 1037 Al 1.5 mm @ 6.94 Good shot 
0603 Pressurized testing 1038 Al 1/8” @ 6.49 Good shot 
0604 Buckypaper on neat 

composite bumper 
Al 3/32”  Bad shot 

0605 Buckypaper on neat 
composite bumper 

Al 3/32” @ 6.76  Good shot, images 
of projectile and 
impact 
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0606 Ni-buckypaper on neat 
composite bumper 

Al 1/16”  Bad shot 

0607 Buckypaper on neat 
composite bumper 

Al 1/16” @ 7.07  Good shot, images 
of impact 

0608 Ni-buckypaper on neat 
composite bumper 

Al 1/16” @ 7.18  Good shot, images 
of projectile 

0609 Buckypaper on neat 
composite bumper 

Al 3/32” @ 6.90  Good shot, images 
of impact 

0610 ½” Al block SWCNT ball @ 7.10 Good shot, no 
images 

0611 Nanograin Al 5083, 1.1 
mm 

1/16” Al @ 6.53 Good shot 

0612 Buckycomposite bumper 1/16” Al @ 6.95 Good shot, no 
images 

0613 Neat composite bumper 1/16” Al @ 7.02 Good shot, no 
images 

0614 Buckycomposite bumper 1/16” Al @ 7.17 Good shot 
0615 Ni-Buckypaper on 0.016” 

Al 6061, RW: 0.02” Al 
6061 

1/16” Al @ 7.05 Good shot 

0616 Commercial Al 5083, 1.1 
mm 

1/16” Al @ 6.69 Good shot 

0617 ½” Al 1100 block SWCNT ball @ 7.08 Bad shot 
0618 ½” Al 1100 block SWCNT ball @ 6.48 Useable shot 
0619 ½” Al 1100 block SWCNT ball @ 7.17 Bad shot 
0620 ½” Al 1100 block SWCNT ball @ 7.08 Good shot 
0621 Buckypaper on 0.016” Al 

6061, RW: 0.02” Al 6061 
1/16” Al @ 6.98 Good shot 

0622 Buckypaper on neat 
composite bumper 

Al 1/16” @ 7.03 Good shot, images 
of impact 

0623 Commercial Al 5083, 1.1 
mm 

1/16” Al @ 5.61 Good shot 

0624 Nanograin Al 5083, 1.1 
mm 

1/16” Al @ 5.61 Good shot 

0625 Commercial Al 5083, 1.1 
mm 

1/16” Al @ 3.72 Good shot 

0626 Nanograin Al 5083, 1.1 
mm 

1/16” Al @ 4.00 Good shot 

0627 Nanograin Al 5083, 1.1 
mm 

1/16” Al @ 3.36 Good shot 

0628 Commercial Al 5083, 1.1 
mm 

1/16” Al @ 7.17 Good shot 

0629 Nanograin Al 5083, 1.1 
mm 

1/16” Al @ 6.89 Good shot 

0630 Nanograin Al 5083, 1.1 
mm 

1/16” Al @ 7.18 Good shot 
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0631 ½” Al 1100 block SWCNT ball @ 7.11 Bad shot 
0632 ½” Al 1100 block MWCNT ball @ 6.93 Good shot 
0633 ½” Al 1100 block 3/32” HDPE cylinder, 

L/D =1 @ 6.75 
Good shot 

0634 ½” Al 1100 block 1.95 mm Graphite 
cylinder L/D =1  @ 7.05 

Good shot 

0635 Buckycomposite bumper 3/32” Al @ 6.81 Good shot 
0636 Buckycomposite bumper 1/16” Al @ 7.00 Good shot 
0637 ½” Al 1100 block 1/8” Al @ 6.41 Good shot 
0638 ½” Al 6061 block 1/8” Al @ 6.45 Good shot 
0639 3/8” Al 6061 block 1/8” Al @ 6.51 Good shot 
0640 ½” Al 1100 block SWCNT ball @ 6.45 Bad shot 
0641 ½” Al 1100 block SWCNT ball @ 6.34 Good shot 
0642 Nanograin Al 5083, 1.1 

mm 
1/16” Al @ 6.93 Good shot 

0643 ½” Al 1100 block 1/8” Al @ 6.48 Good shot 
0644 ½” Al 1100 block MWCNT ball @ 5.77 Bad shot 
0645 ½” Al 1100 block MWCNT ball @ 5.85 Good shot 
0646 ½” Al 1100 block 1.5 mm Graphite cylinder 

L/D =1  @ 3.56 
Bad shot 

0647 ½” Al 1100 block 1.5 mm Graphite cylinder 
L/D =1  @ 4.27 

Bad shot 

0648 ½” Al 1100 block 1.5 mm HDPE cylinder, 
L/D =1 @ 4.31 

Good shot 

0649 ½” Al 1100 block 1.5 mm Graphite cylinder 
L/D =1  @ 3.35 

Good shot 

0650 4 layers Spectra 1000 1/16” Al  Bad shot 
0651 ½” Al 1100 block SWCNT ball @ 4.07 Good shot 
0652 ½” Al 1100 block SWCNT ball @ 3.51 Good shot 
0653 ½” Al 1100 block MWCNT ball @ 6.29 Good shot 
0654 ½” Al 1100 block SWCNT ball @ 6.30 Good shot 
0655 Epoxy resin film 1/16” Al @ 7.08 Good shot 
0656 4 layers Spectra 1000 1/16” Al @ 7.06 Good shot 
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Hazard Analysis Document for the 0.17-Caliber Light Gas 

Gun 

 

Introduction: 

The purpose of this document is to address the potential hazards to the operating 

personnel and the equipment associated with the 0.17-Caliber light gas gun facility in the 

basement of the Ryon Engineering Building at Rice University. This hazard analysis 

identifies all the hazards and their controls applicable to the instrument mentioned. 

The 0.17-Caliber light gas gun constitutes the hypervelocity impact test system. During a 

typical experiment, a projectile is launched by the gun at hypervelocities to simulate the 

velocities of the asteroid fragments or the space debris that impact a space vessel. The 

experimental set-up is a closed system that is safe for the operator when the operation 

procedure is thoroughly followed.  A copy of the operation procedure of the instrument is 

included with this document.  

In this report, the structural plan for the basement of Ryon Engineering Building, the fire 

protection plan and the air distribution data of the relevant lab space are included as 

appendices. A copy of the emergency contact sheet highlighting the potential hazards and 

the personnel to be contacted in case of emergency is also attached.  

In addition to the discussion of the primary safety measures and individual analysis of 

each hazard, this document also includes the schematics of the light gas gun and the 

operation set-up of the instrument.  
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Revision of the Hazard Analysis document: 

A review of the safety measures and hazard analysis for the operation and upkeep of the 

0.17-Caliber light gas gun was undertaken on October 19, 2012. The primary motive 

behind this review was to ensure all the safety measures established in 2010 for the 

operation of the gas gun are still intact. The revision process involved a walk-through of 

each potential hazard and their control measures associated with the operation of this gun 

as identified in the original document.  

This revised document also includes information regarding the improved safety measures 

that have been added to the list of safety measures in the original document.  

The safety walk-through and revisiting of the hazard analyses in this review process 

found that the information in the original document, in its entirety, is still relevant and 

up-to-date. However, it is recommended that this revised document be used as the 

primary hazard analysis document for this light gas gun at Rice University. 
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0.17-Caliber Light Gas Gun Operation Procedure 

1. Laser Station Setup 

A. Laser Stations Checkout 

a. Remove and clean glass windows on laser stations, using glass cleaner and 

scratch free cloth. 

b. Upon cleaning the laser station windows, you need to run a check out on 

the laser stations themselves. During the checkout if a laser station does 

not trigger, then you have to adjust the laser station until you bring the 

station within tolerance. 

c. To calibrate a laser station, there are diodes on each station that detect the 

break of the laser beam. Each diode has an adjustable resistor in series 

with it. You adjust the resistor to ground and with a clear signal, at this 

point if you pass an object in front of this diode the signal should go high. 

d. When all diodes go from ground to high then you know that your diodes 

on your station are in tolerance and to rerun a check on that station. 

e. When running a check on the laser stations, you are setting the 

Oscilloscope to trigger on each station. 

f. When all stations trigger, then this tells you that the laser stations are 

operational and ready. 

g. You should run a check early in the setup of the gun and right before the 

firing of the gun. 

2. Light Detector Setup 

A. Flash Detector Checkout 

a. Set your Oscilloscope to trigger on the appropriate channel. 
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b. Using the camera-flashing unit, flash in the direction of the flash 

detector being tested. 

c. If the oscilloscope triggers you know that the flash detector works. 

d. If the flash detector does not trigger check you scope settings, the 

connections of the flash detectors, your gain settings, and retest. 

3. Break Screen Setup 

A. Break Screen Checkout 

a. Upon placing the break screen on sabot catcher, ensure that the hole in the 

break screen is centered directly on top the hole in the sabot catcher. 

b. Connect the alligator clips to the exposed edges of the break screen and ensure 

that there is good contact. 

c. With the oscilloscope set to trigger the break screen, short the center line in the 

cable to ground and this should trigger the scope. 

d. If this does not trigger you should check your oscilloscope settings, your 

connections, and then retest.  

4. Pressure System Checkout Sequence 

A. Nitrogen Pressure Test Sequence 

1. Make sure gun is assembled, powder chamber, and firing solenoid is installed. 

2. Make sure all valves are in the off position. 

3. Turn on the Nitrogen Bottle and flex line valve at bottle. 

4. Turn on the pump tube valve. 

5. Turn on the Nitrogen supply valve until it reads 175 PSIA, turn off valve when 

it    reaches this pressure. 
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6. Observe the pressure gauge approximately for 1 minute to ensure that there are 

no leaks on the system. 

7. If leak is observed, turn off Nitrogen Bottle and Flex line valve, open vacuum 

supply valve until pressure has been released, disassemble gun look for leaks 

and reassemble, return to step 1. 

8. If no leaks are detected, turn off Nitrogen bottle and flexline valve. 

9. Open vacuum supply valve. 

10. Now you are ready for system evacuation and begin to pump down. 

5. Pump Down Sequence 

1. Assure the vacuum vent valve is in the closed position. 

2. Open vacuum valve. 

3. Turn on vacuum pump and turn on vacuum gauge and observe for pressure 

drop. 

6. Firing Sequence 

1. Gun operator keeps firing key in hand. 

2. Secure test area (shut door and block off area / clear area of unnecessary 

personnel) 

3. Setup diagnostics for test (everything is set for trigger and camera is armed) 

4. Install powder charge into chamber 

5. Install firing solenoid onto firing chamber. 

6. Ensure the pressure indicator reads 0 PSIA. 

7. Open Hydrogen bottle and Flexline Valve  

8. Turn off vacuum supply valve. 
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9. Turn on Hydrogen Safety Valve. 

10. Turn on Hydrogen Supply Valve until pressure indicator reads 175 PSIA and 

turn                     off Hydrogen Supply Valve.  

11. Turn off Hydrogen Safety Valve. 

12. Turn off Hydrogen bottle and Flexline Valve. 

13. Check pressure indicator for leaks. 

14. Turn off Pump Tube Valve. 

15. Install Firing Pin. 

16. Attach Firing Leads. 

17. Check your electronics to ensure that all scopes are set and camera is armed. 

18. Gun operator ensures that all personnel have evacuated the gun area prior to 

firing. 

19. Fire Gun. 

20. Disconnect Firing Leads. 

21. Remove the Firing Pin. 

22. Turn on Nitrogen bottle and Flexline Hose. 

23. Open Vacuum Supply Valve. 

24. Open Pump Tube Valve. 

25. Open Nitrogen Supply Valve for approximately 10 seconds. 

26. Turn off Nitrogen bottle and Flexline Hose 

27. Close Vacuum Pump Valve (located by target chamber / vacuum pump). 

28. Open Vent Valve (located by the target chamber / vacuum pump). 
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29. Turn off Vacuum Pump (unless you will be shooting another shot). 

30. Unsecure the test area. 

31. End of sequence. 

7. Lockdown  

1. After the experiments are complete, secure all the tools, chemicals and gun 

powder to their respective storage spaces.  

2. Lock all the cabinets, including the key cabinet.  

3. Clear the work-space of any hazardous materials, including the ones that might 

cause tripping hazards.  

 

 

Safety Measures 

• The lab is equipped with safety signs indicating potential hazards. 

• The laboratory is equipped with emergency lighting in case of power outage. 

• Exit signs are well lit and positioned for the ease of viewing. These fluorescent 

signs work without power so that the personnel in the lab can see them even in the 

case of power failure.  

• Emergency contact information is attached on the lab door. The sheet also has 

signs for all the potential hazards inside the lab. One copy is attached with this 

report (Appendix D). 

• During the gun operation, a red hazard warning light outside the closed lab door 

will inform people in the Ryon Engineering Building that the experiments are 

under way. 
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• A “Caution/DO NOT ENTER” sign will be placed outside the door of the 

restroom adjacent to the lab during the gun operation because of its proximity to 

the gun location. 

• Gun powder is stored in a red explosive-proof container labeled with appropriate 

“explosive” sign. 

• All hazardous chemicals are stored in a yellow cabinet labeled with appropriate 

“flammable” sign. 

• The lab space is shared with Mechanical Engineering undergraduate lab. The gun 

will only be operated during the hours when no other experiments in the lab space 

are running. At the beginning of every semester, we work closely with the 

undergraduate lab instructors to identify the schedules of their usage to avoid 

possible time conflicts. This also ensures that no unauthorized or untrained 

personnel are present in the lab during gun operation.  

• Before usage, the operator tests the gas supplies for potential leaks by using soapy 

water. 

• A large H2 cylinder has been replaced by a smaller one (40 cubic feet) in order to 

decrease the potential H2 hazard.  

• The lab space (~26,000 ft3) is well ventilated with the gas exchange rate of 9 

times per hour (please see the attached air flow data for the lab space). Also, the 

lab space is not “air tight” and opens to the much larger open space in the center 

of the Ryon lab building (also well-ventilated). So, any H2 leak from the 1 lb H2 

cylinder will be dissipated away. A “No open flames or sparks” policy is enforced 

in the lab space that will ensure that any leaked H2 does not undergo combustion.  

• In addition to the training on the operation of the gun, the operators are also 

trained on safety, machine shop and handling of the H2 gas and the gunpowder. 

• All the operators are made aware of the Fire Exits in the Ryon Engineering 

Building. A Fire Protection Plan to the Lab building is attached with this report 

(Appendix B). 



	  	   	   	   125	  

	  

	  

• Operators are trained to strictly adhere to the operation procedure of the light air 

gun. A copy of the operation procedure is attached with this report. 

• Material Safety Data Sheets (MSDS) for all the chemical substances used in the 

lab are accessible to the operators to ensure safety practice. All MSDS sheets are 

placed in a folder inside the top drawer of the black cabinet next to the gun. 

• A High-Efficiency Particulate Air Vacuum (HEPA vac) is used to draw in and 

filter the air from inside the main target chamber after a hypervelocity impact test. 

This ensures that the operators are not subjected to potentially hazardous air 

during experiments. 

• Operators use protective eyewear at all times. Protective gears such as gloves and 

lab coats are also mandated.  

• Operators maintain a log-book with information on user’s name, operation date 

and time, the experiment parameters, and remarks. 

 

 

List of Hazards 

During setup  

- operation of machine shop equipment for the manufacture of test hardware 

During general operation 

- electric shock 

- cuts or injuries from corners and sharp edges 

- injuries from slips or trips 

During gun operation 
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- gun powder hazard 

- injuries from material toxicity 

- vacuum pump or vacuum chamber failure 

- nitrogen cylinder hazard 

- hydrogen cylinder hazard (leak, explosion, fire) 

- laser illumination for velocity detector stations 

- uncontrolled projectile (penetration outside the range) 

- premature activation of gun (accidental activation, wrong valves open, defective 

gage) 

- uncontrolled release of high pressure from the gun 
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Hazard Analysis 1 

 

System:   0.17-Caliber Light Gas Gun 

Operation:  During setup 

Hazard:  operation of machine shop equipment for the manufacture of test 

hardware 

Hazard Causes: (1) Equipment failure 

   (2) Operator inexperience 

Hazard Control: (1) Equipment inspection before use; periodic safety inspection 

   (2) Operators trained in the use of machine shop equipment 

-------------------------------------------------------------------------------------------- 

Hazard Analysis 2 

 

System:   0.17-Caliber Light Gas Gun 

Operation:  During general operation 

Hazard:  Electric shock to the operator 

Hazard Causes: (1) Short circuits 

   (2) Improper grounding or exposed high voltages 

Hazard Control: (1), (2) Equipment inspection before use; periodic safety 

inspection; following of safety procedures 

------------------------------------------------------------------------------------------------------------ 
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Hazard Analysis 3 

 

System:  0.17-Caliber Light Gas Gun 

Operation:  During general operation 

Hazard:  Cuts or injuries to the operator from corners and sharp edges 

Hazard Causes: (1) Exposed edges and corners (including on test articles) 

Hazard Control: (1) Equipment inspection before use; periodic safety inspection; 

following of safety procedures; wearing protective gloves while 

handling the test articles  

------------------------------------------------------------------------------------------------------------ 

 

Hazard Analysis 4 

 

System:  0.17-Caliber Light Gas Gun 

Operation:  During general operation 

Hazard:  Injuries to the operator from slips or trips 

Hazard Causes: (1) Stray wires and cables 

 (2) Spilled fluids 

Hazard Control: (1) All the wires and cables are secured and not stray; periodic 

safety inspection for potential slipping or tripping hazards 

 (2) Proper cleanup of the spilled fluids 

----------------------------------------------------------------------------------------------------------- 
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Hazard Analysis 5 

System:  0.17-Caliber Light Gas Gun 

Operation:  During gun operation 

Hazard:  Unscheduled or uncontrolled gun powder ignition 

Hazard Causes: (1) Open fire 

 (2) Exposure to uncontained hydrogen 

 (3) Operator inexperience in the usage of gun powder 

Hazard Control: (1) Prohibition of open flame or spark producing devices in the 

lab; No smoking policy 

 (2) Fully contained hydrogen gas; minimal usage 

 (3) Safety training for operators in the use of explosives; minimal 

usage 

----------------------------------------------------------------------------------------------------------- 

Hazard Analysis 6 

System:  0.17-Caliber Light Gas Gun 

Operation:  During gun operation 

Hazard:  Injuries from material toxicity 

Hazard Causes: (1) Toxicity of new exotic materials 

Hazard Control: (1) Thorough examination of materials safety and data sheet and 

following of safety procedures 

------------------------------------------------------------------------------------------------------------ 
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Hazard Analysis 7 

 

System:  0.17-Caliber Light Gas Gun 

Operation:  During gun operation 

Hazard:  Injuries from vacuum pump or vacuum chamber failure 

Hazard Causes: (1) Operator inexperience 

 (2) Failure of firing circuit 

 (3) Implosion of pressure vessel  

Hazard Control: (1) Thorough training of the operators; following of safety 

procedures 

 (2), (3) Equipment inspection before use; periodic safety 

inspection 

------------------------------------------------------------------------------------------------------------ 

Hazard Analysis 8 

System:  0.17-Caliber Light Gas Gun 

Operation:  During gun operation 

Hazard:  Injuries from failure of pressurized nitrogen cylinder 

Hazard Causes: (1) Failure of gas valve or pressure regulator 

Hazard Control: (1) Relief valve in place in the cylinder; good gas exchange rate in 

the lab ensures removal of any leaked gas in short period of time; 

equipment inspection before use; periodic safety inspection  

------------------------------------------------------------------------------------------------------------ 
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Hazard Analysis 9 

 

System:  0.17-Caliber Light Gas Gun 

Operation:  During gun operation 

Hazard:  Injuries from failure of pressurized hydrogen cylinder 

Hazard Causes: (1) Failure of gas valve and pressure regulator 

Hazard Control: (1) Relief valve in place in the cylinder; good gas exchange rate in 

the lab ensures removal of any leaked gas in short period of time; 

equipment inspection before use; periodic safety inspection 

------------------------------------------------------------------------------------------------------------ 

Hazard Analysis 10 

 

System:  0.17-Caliber Light Gas Gun 

Operation:  During gun operation 

Hazard:  Injuries from fire or explosion of hydrogen gas 

Hazard Causes: (1) Leaking of hydrogen gas 

Hazard Control: (1) Leak inspection before use; periodic safety inspection; 

Operators trained in proper handling of hydrogen; No open flames, 

no smoking policy; Hydrogen cylinder kept 20 feet away from 

other combustible materials 

------------------------------------------------------------------------------------------------------------ 
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Hazard Analysis 11 

 

System:  0.17-Caliber Light Gas Gun 

Operation:  During gun operation 

Hazard:  Eye injuries to operator during laser illumination for velocity 

detector 

Hazard Causes: (1) Operator inexperience/error 

Hazard Control: (1) Proper training on the operation of the projectile velocity 

detector; physical placement of the laser does not allow for direct 

eye contact; following of safety procedures 

----------------------------------------------------------------------------------------------------------- 

Hazard Analysis 12 

 

System:  0.17-Caliber Light Gas Gun 

Operation:  During gun operation 

Hazard:  Injuries to operator due to uncontrolled projectile 

Hazard Causes: (1) Projectile penetrates the gun range 

Hazard Control: (1) Equipment inspection before use to examine the backstop 

configuration to ensure the projectile disintegrates on striking the 

target; operators are located at secure locations during projectile 

launch; periodic safety inspection 

------------------------------------------------------------------------------------------------------------ 
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Hazard Analysis 13 

 

System:  0.17-Caliber Light Gas Gun 

Operation:  During gun operation 

Hazard:  Injuries to operator due to premature activation of gun 

Hazard Causes: (1) Accidental activation of firing control buttons 

Hazard Control: (1) Thorough following of the operation procedure; verification 

that the firing control panel is locked; equipment inspection before 

use; periodic calibration and safety inspection 

----------------------------------------------------------------------------------------------------------- 

 

Hazard Analysis 14 

 

System:  0.17-Caliber Light Gas Gun 

Operation:  During gun operation 

Hazard:  Injuries to operator due to unscheduled/uncontrolled release of 

high pressure from the gun 

Hazard Causes: (1) Ruptured disc failure 

Hazard Control: (1) Proper preliminary pressure testing; thorough following of 

operating and cleaning procedures; equipment inspection before 

use; periodic safety inspection 

------------------------------------------------------------------------------------------------------------ 
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A: Ryon Engineering Building Basement Plan 

	  

Light Gas Gun Location: B02 
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B: Ryon Basement Fire Protection Plan 

	  

 
The red arrow indicates the exit route in case of fire. 
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C: Ryon B02 Air Distribution Data 
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D: Ryon B02 Emergency Information Sheet 
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E: Holders of This Hazard Analysis Document 

	  

• Ryon Engineering Building B02 (with the operation manual) 

• Enrique V. Barrera, PhD 

Professor, Department of Mechanical Engineering and Materials Science 

Rice University 

barrera@rice.edu     (713-348-6016) 

• The Department of Mechanical Engineering and Materials Science 

MS 321, Cox 101 

Rice University        (713-348-4906) 

• Dean of Engineering 

George R. Brown School of Engineering 

Duncan Hall 1016, MS 364 

Rice University       (713-348-4955) 

• Environmental Health and Safety (EHS) 

Abercrombie A106, MS 123 

Rice University        (713-348-4444) 

• David Fuller 

ARES Safety Officer 

ESCG S&EH Safety Engineer 

NASA Johnson Space Center  

david.fuller@nasa.gov    (281-483-5767) 
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