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ABSTRACT

With the commercialization of space and the global development of hypersonic vehicles for defense and

potential commercial use, hypervelocity impact (HVI) has become a critical concern. Two materials that

have become essential in the aerospace and defense industries due to their versatility and

strength-to-weight ratio under extreme conditions are composites and ceramics. Composites, like

carbon-fiber-reinforced polymer (CFRP), provide a lightweight yet strong material that can be customized

for specific applications by modifying the composite layup. Ceramics have become the material of choice

for thermal protection systems (TPS) of both hypersonic and reentry vehicles due to their high

strength-to-weight and heat-resistance-to-weight ratio. Thus, understanding the failure mechanisms present

after a hypervelocity impact of both low-impedance composites and ceramics is of high interest. This study

aims to further the understanding of the failure mechanisms in play during impacts on both material

systems, highlighting the similarities and differences in their response.

The first component of this research focused on CFRP composite truss members subjected to

hypervelocity impact, designed to replicate the types of structural elements used in deployable space assets.

Using a two-stage light-gas gun, a series of impact experiments were conducted on roll-wrapped CFRP

tubes, with damage morphology tracked through shadowgraph imaging, X-ray computed tomography, and

compression-after-impact testing. The results demonstrated localized damage and a strong correlation

between delamination area and residual strength reduction. Finite element models by collaborators

incorporating cohesive zone elements and LS-DYNA smooth particle hydrodynamics (SPH) provided

additional insight into ejecta cloud formation and damage propagation across impact orientations and

velocities.

The second component investigated dense, hot-pressed silicon carbide (SiC-N) plates to capture the

brittle fracture and fragmentation mechanisms under HVI conditions. This work combined

ultra-high-speed imaging, strain gauge diagnostics, holographic interferometry, and numerical modeling to

assess the onset and evolution of damage. The results show a transition from bulk fracture to an increase

in microcracking and shock amorphization at higher impact energies. Together, these findings contribute

new experimental and modeling insights toward the design and validation of advanced aerospace materials

for extreme environments.
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CHAPTER 1

INTRODUCTION

Composites and ceramics have become essential in the aerospace and defense industries due to their

versatility, and strength-to-weight ratio under extreme conditions. Composites, like carbon �ber reinforced

polymer (CFRP) provide a light-weight yet strong material that can be customized for speci�c applications

by modifying the composite layup. CFRP is used across the defense and space industries serving as the

external layer of commercial and supersonic jets, as well as structural members for various space assets [1].

With the commercialization of space and the global development of hypersonic vehicles for defense and

potential commercial use, hypervelocity impact (HVI) has become a critical concern. Hypersonic vehicles

experience extreme heat during 
ight requiring a material with extremely high heat resistance whilst

maintaining structural integrity. Although refractory alloys may be able to withstand the thermal

requirements of the system, the strength-to-weight and heat resistance to weight ratio of ceramics is

unmatched [2]. Thus, ceramics have become the material of choice for both hypersonic and reentry vehicles.

This study focuses on CFRP and silicon carbide (SiC-N) as representative materials for composites and

ceramics, respectively, to explore the range of impedance in materials commonly used in the aerospace and

defense industries. The research aims to highlight the interplay of fracture and hydrodynamic e�ects

during a hypervelocity impact, through a bimodal approach. Speci�cally seeking to demonstrate:

1. In CFRP, hypervelocity impacts induce localized damage primarily through delamination and �ber

fracture, leading to a signi�cant reduction in structural integrity.

2. With increasing impact energy, the failure of silicon carbide transitions from bulk dynamic brittle

fracture to a complex combination of mixed-mode microcracking and localized amorphization near

the impact site. This highlights a shift in energy dispersion above the high Hugoniot Elastic Limit

(HEL).

1.1 Background

During hypersonic 
ight, a piece of debris 
oating through the atmosphere could become a

hypervelocity projectile causing catastrophic damage to the vehicle. When in orbit, space assets experience

impacts from micrometeoroid and orbital debris (MMOD) traveling anywhere from 3 km/s to 22 km/s [3].

With these applications becoming more and more common, it is essential to characterize the damage

phenomenon and failure mechanisms of these widely used material systems under extreme loading. Many
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studies have been conducted on a wide variety of materials for use in warheads for the defense industry, but

there is little published on composites and UHTCs looking for damage propagation during an impact event

in order to understand how the material failed. This study aims to take the failure characterization of

composites and ceramics to the next level by combining the fundamentals of shock physics and mechanics.

1.1.1 Shock and Hugoniot Elastic Limits (HELs)

For a shock wave to occur in a solid, the wave must travel faster than the particles in the solid

themselves are able to move [4]. For this to happen, the solid must become hydrodynamic, or in other

words behave like a liquid. Using hydrodynamics, the shock wave can travel at a velocity greater than the

fastest particle movement, otherwise known as particle velocity. The extent to which the material has

become hydrodynamic is dictated by the material's active pressure state relative to an equation of state

(EOS) (similar to the more commonly studied steam tables in thermodynamics) [5]. To visualize the

equation of state for a material, the Rankine-Hugoniot conditions are utilized which describe shock

behavior based on the conservation of mass, momentum, and energy. Using Hugoniots, a pressure-volume

plot can be produced that highlights a critical parameter known as the Hugoniot Elastic Limit (HEL). The

HEL is a key parameter to denote the transition from elastic to plastic to shock conditions. A qualitative

pressure-volume plot is shown in Figure 1.1 highlighting the key regions of the curve. The blue section of

the curve is the elastic region, with the peak pressure below the HEL, shown as the black dotted line. Any

pressure state below the HEL will behave elastically and will ramp along the curve itself with applied

pressure. Once above the HEL, as shown by the red curve and shaded region, the material will experience

a plastic wave also described as a weak shock by some. In this case, the pressure state will be seen as a

near-discontinuity but will still show some ramping and is not hydrodynamic in nature. A shock wave is

not considered to be present until the pressure is in the green region of the curve which indicates the region

where the slope of the discontinuity is steeper than the Rayleigh line [4]. Once the pressure state of the

material is higher than that point, there are hydrodynamic e�ects present and a shock wave is propagating

through the material.
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Figure 1.1 Qualitative pressure speci�c-volume curve illustrating the HEL.

1.1.2 Hypervelocity Impact

Damage caused by hypervelocity impact can be signi�cantly greater than ballistic impacts due to the

exponentially higher pressure and associated hydrodynamic e�ects [6]. In order to be considered a

hypervelocity impact, the pressure associated with the impact must be high enough to cause a shock.

Figure 1.2 Schematic depicting the evolution of shock waves and damage during an idealized hypervelocity
impact of a semi-in�nite thin plate.

To demonstrate the physics of HVI, assuming an idealized case of a normal impact on an isentropic

semi-in�nite plate, Figure 1.2 illustrates the evolution of a hypervelocity impact. V 0 represents the

projectiles initial velocity, with the projectile to target interaction face highlighted in Red - denoted as I.

Upon impact, a compressive shock wave propagates radially from the impact site in both the impactor and
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the target denoted as S1 and S2 in Figure 1.2. S1 and S2 propagate until they reach the nearest free

surface, respectively, with the bulk pressure state of both the impactor and target increasing as the shock

wave progresses at a speed relative to the particle velocity. When S1 and S2 reach a free surface, a release

fan otherwise known as an isentrope or rarefaction, re
ect normal to the surface reducing the pressure as

the release waves propagate. The release fans are shown as R1, R2, and R3. It is important to note that

unlike elastic stress waves, shock waves release and reduce pressure as a thermodynamic relationship but do

not cause a tensile pressure state immediately. As the release waves coincide, they amplify and can cause a

tensile state at the intersection point. The diagram shown in Figure 1.2 shows the point before perforation

of the target when the interaction between the impactor and target has increased in surface area

signi�cantly larger than the impactor due to the accumulation of mass that has become hydrodynamic.

Understanding the threshold of what is and is not a hypervelocity impact is vital because the material

interaction of one impact at 2 km/s may have the same associated impact pressure as another at 5 km/s.

When probing the theoretical impact pressure of a certain material interaction, using a graphical

representation of the impedance of either material can provide a quick answer to the equilibrium pressure

and particle velocity assuming one-dimensional wave mechanics. Figure 1.3 shows CFRP and silicon

carbide being impacted by an aluminum projectile at 3 km/s highlighting the distinct di�erences in both

equilibrium pressure and particle velocity between the two materials. Silicon carbide has an equilibrium

pressure of roughly 48 GPa with an equilibrium particle velocity of around 1.2 km/s, whereas CFRP has

almost half as much pressure and more than 1.5 times as much particle velocity. However, the HEL of

silicon carbide is 3.7 times higher than that of CFRP making the limit to become hydrodynamic much

higher [7, 8].
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Figure 1.3 Impedance mismatch of a 3 km/s impact of an aluminum projectile with CFRP and silicon
carbide targets overlaid together on a pressure versus particle velocity plot.

1.1.3 CFRP Truss Members

With the commercialization of space and low earth orbit (LEO) the likelihood of MMOD impact is

increasing [3]. Even locations in orbits deemed relatively safe, like Lagrangian 2 (L2), have seen an

unexpected rise in micrometeoroid activity, as evidenced by the James Webb Space Telescope (JWST)

enduring six impacts in its inaugural year [1, 9]. Due to the growing concern of asset failure due to MMOD

impacts, studies into these impact phenomenon have been steadily increasing. One of the �rst and only

studies looking at HVI impact of CFRP tubes was conducted by Christiansen looking at the variation of

inlet and exit hole size from MMOD impacts [6]. This study highlighted the danger that MMOD impacts

pose to space assets, but lacked examination of debris cloud dynamics, sub-surface damage, damage

propagation, and the tube's residual strength.

The purpose of identifying damage propagation in CFRP tubes is to investigate not only the damage to

the single structural member, but the damage to the system as a whole. The ejecta and debris cloud shed

from the initial impact can have extensive repercussions for the system as a whole causing cascading

amounts of hypervelocity debris like a shotgun blast. For this reason, it is essential to look at a system as

close in representation to the actual structure as reasonable, like tubes, as opposed to only identifying HVI

damage to 
at plates.
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This study utilizes CFRP tubes that are 4-ply �lament-wound structures, arranged in a [0/90/90/0]

layup con�guration. These tubes are composed of Mitsubishi K63712 axial �bers and Mitsubishi 34-700

hoop �bers, bonded together using NB301 resin. Provided by NASA, these composite tubes serve as

representative models of the systems currently employed in operational space structures and anticipated

future systems such as the In-Space Assembled Telescope (ISAT) [1].

1.1.4 Silicon Carbide

The interest in developing tough UHTCs capable of withstanding maneuverable hypersonic 
ight has

increased greatly [10]. Current studies into UHTCs often include ceramic matrix composites (CMCs) or

sandwich composites for use in thermal protection systems (TPS) or Whipple shields due to their increased

fracture toughness [11{14]. These studies often include measurements of crater depth and size using the

aspect ratio as a measurement related to material strength. Although these studies show promising results

for limiting damage from classical methods, limited studies identify any fracture parameters and therefore

the quanti�cation is typically used for spall strength [15].

Studies on silicon carbide as a model material for hypervelocity impact have been published for

equation of state (EOS) model validation, however, little to no studies exist determining the failure

mechanisms beyond the hydrodynamic e�ects of the impact itself [8, 16{18]. One of the �rst ceramic

material models developed for their response in extreme environmemts was the Johnson Holmquist ceramic

model or the JHC [19]. This model used a pressure and temperature dependent response to tailor the

stress exhibited on the brittle material through the progression of the impact. The Rajendran Grove (RG)

fragmentation and strength model was developed using experimental data collected by Grady as validation

for the new Rajendran Grove model [16, 20]. This study was extremely valuable as one of the �rst models

to build o� of what Johnson and Holmquist had done, now using fracture parameters within the model to

characterize full and partial spall of the material. The critical equation of state (EOS) and strength

parameters of the Rajendran Grove model were actually duplicated from the Johnson Holmquist ceramic

model (JHC) parameters, but the JHC parameters were then fed into the additional fracture

characterization created by Rajendran and Grove.

Although the work done by Rajendran and Grove built o� of the Johnson Holmquist ceramic model,

the implementation of the damage or failed state di�ers from the next generation of ceramic models

developed by Johnson and Holmquist, the Johnson Holmquist ceramic 2 model [17]. The Johnson

Holmquist ceramic 2 model (JH2) involves a pressure and temperature dependent evaluation of a failed

strain value that is actively compared to the calculated full �eld strain of the material [17]. Based on this

damage criteria, the associated stress parameter (normalized to the stress of the HEL) is modi�ed for a full
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strength, partially-failed, and fully-failed state. This is a more computationally e�cient model than the

RG model, but lacks speci�c parameters related to fracture mechanics and fragmentation of the material.

For this study, the damage parameters used relied on wave dynamics and bulk deformation than

empirically derived fracture parameters, making the JH2 model a more ideal choice.

The silicon carbide used in this study is a hot pressed SiC-N from CoorsTek, with a 6H-4H hexagonal

equiaxed polycrystalline structure. This silicon carbide has been studied and characterized extensively in

literature under quasistatic and dynamic loading from both a strength and fracture standpoint [21, 22]. To

further understand the e�ects that hypervelocity impacts on this material, more extensive in situ

examination of the failure timeline was conducted in this study.
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CHAPTER 2

HYPERVELOCITY IMPACT INVESTIGATIONS OF COMPOSITE TRUSS TUBES FOR IN ORBIT

ASSEMBLY RISK ASSESSMENT

Modi�ed from a paper published in The Journal of Composite Materials1.

Joseph Morton2;3, Greyson Hodges4, Mark Pankow4 , Leslie Lamberson2;5

2.1 Abstract

As the number of orbital structures increases, so does the threat posed by micrometeoroid and orbital

debris (MMOD) impacts. These impacts range from the ballistic range (less than 1.5 km/s) to exceeding

20 km/s and can signi�cantly weaken space structures such as the International Space Station (ISS),

leading to further risk as the debris shed could damage the in-orbit assembly �eld. Space structures,

including the James Webb Space Telescope (JWST) and the in-space assembled telescope (ISAT), often

employ �ber-matrix composites in various shapes and sizes. While the e�ects of hypervelocity impacts

(HVI) on 
at plate composites have been extensively studied, there is a notable lack of research on HVI of

composite tubes. Understanding how MMOD impacts a�ect the integrity of individual truss members, as

well as the structure as a whole is essential for assessing the condition of existing space structures and

improving future designs. To replicate MMOD impacts, HVI investigations from 1 to over 3 km/s were

conducted on a specialized two-stage light-gas gun, showing the transition from single inlet wall damage to

cascading internal fragmentation inside the tube, leading to increased damage with increasing velocity. Our

investigation focuses on the image analysis of the damage area and ejecta fragmentation in the carbon �ber

reinforced polymer (CFRP) tubes, as well as quantifying the resulting hole diameter. This data is crucial

for validating corresponding computational models. In this study we present three separate methods of

characterizing HVI including: impedance matching through equations of state, a hybrid Lagrangian �nite

element (FE) model using LS-DYNA with smooth particle hydrodynamics (SPH), and experimental

investigations. All methods agree that HVI can cause nearly three times the amount of damage within a

tube compared to similar conditions on a plate. Our �ndings help enhance our understanding of MMOD

impact risks on existing structures and contribute to the development of systems with greater resilience to

HVI.

1Reprinted with permission of J. of Composite Materials, 59(3), 331-342.
2Graduate student and associate professor at the Colorado School of Mines, respectfully
3Primary researcher and author
4North Carolina State University ;

5Author for correspondence
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2.1.1 Background

The escalating interest in On-Orbit Servicing, Assembly, and Manufacturing (OSAM) and the

deployment of long-lasting space assets has emerged alongside growing concerns about the risks of orbital

debris and micrometeoroid (MMOD) impacts [3, 9, 23]. The probability of such impacts, posing a

signi�cant threat to persistent assets and OSAM structures, increases markedly with prolonged orbital

durations [24, 25]. Even orbits deemed relatively safe, like Lagrangian 2 (L2), have seen an unexpected rise

in micrometeoroid activity, as evidenced by the James Webb Space Telescope enduring six impacts in its

inaugural year [9]. This trend has prompted policy frameworks from the United States, emphasizing the

need for focused research on the impact of MMOD on OSAM infrastructures and forthcoming space

endeavors [26].

Research into Hypervelocity Impacts (HVIs) from MMOD has been a prominent focus area. Pioneering

studies targeted carbon booms designated for Space Station Freedom, with Christiansen developing a set of

ballistic limit equations (BLEs) to evaluate damage from various impactors [6]. This foundational work,

which included examining the aftermath of HVIs on carbon �ber truss tubes, lays the groundwork for the

discussions in this study. Nevertheless, there remains an unexplored domain concerning the HVI e�ects on

composite truss systems, especially in terms of delamination, debris dynamics and damage evolution [6].

The International Space Station (ISS), a direct descendant of Space Station Freedom, has been a focal

point for MMOD impact shielding studies [27, 28]. During the era of the Space Shuttle, signi�cant e�orts

were made to understand the MMOD threat to vulnerable shuttle regions during orbital maneuvers and

deployments [29, 30]. Despite advancements in shielding technologies, like the Whipple shield, fully

protecting large, enduring space structures is a formidable challenge. The impacts on JWST underscore

that large, persistent assets are not entirely shielded by strategic orbit selection or inclination adjustments

[1, 31]. The research by Cline et al. on the modal changes in the in-Space Assembled Telescope (i-SAT)

due to truss damage highlights the importance of considering potential damage in the design of large

space-assembled truss systems [4]. However, Cline's work did not fully explore the damage response of

truss members undergoing hypervelocity impact events [24].

For extensive, in-space assembled structures like the i-SAT, comprehending the total damage response

to MMOD impacts is essential. Such impacts can initiate secondary impacts from the resulting debris and

ejecta, necessitating an understanding of the damage morphology through debris cloud formation and

expansion [24]. Thus, characterizing HVI impacts on space structures (not just 
at plates) is key.

To better protect future expansive space structures, it is critical to gain a deeper understanding of the

e�ects of HVI on carbon structures and truss members. This endeavor involves generating new
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experimental datasets that cover previously uncharted aspects of impact dynamics, including impact

angles, and the formation and spread of debris clouds in composite tubes as experimentally examined in

this study. These �ndings will yield essential data for re�ning computational models, contributing to the

design and development of more robust space structures.

2.2 Materials and Methods

Experiments and modeling were performed for the analysis of composite truss tubes in this study.

Speci�cally, a hybrid model featuring both traditional �nite elements (LS-DYNA) and SPH particles is

utilized as it has certain advantages of both modeling techniques. Traditional elements are used to

characterize damage propagation up until the point of failure while SPH particles are used to model the

impactor and resultant debris clouds. To ensure the validity of key modeling parameters, such as those in

the cohesive zone, we developed a model on a composite laminate 
at plate to compare with existing

modeling and experimental results in literature. This model aims to verify the speci�c delamination

properties associated with the chosen composite material and layup con�guration from NASA Johnson's

Space Center [32] and is then used for the composite tubes studied in this investigation. An 8-ply [0,± 45,

90]s structure, utilizing AS4/APC-2 composite properties was created, and impacted by a 2 mm diameter

aluminum sphere with an impact velocity of 4.6 km/s. The resulting debris cloud is shown in Figure 2.1.

Figure 2.1 Flat plate HVI model debris cloud results of a composite laminate.

The results of the 
at plate model qualitatively corroborate results seen in literature [32], suggesting

the model parameters used were valid to transfer to the composite tube model investigated here. With the

critical parameters regarding the composite structure's particle tracking veri�ed, the tubes' model was

produced using the parameters and dimensions shown in Table 2.1 and constitutive models and parameters

in Table 2.2.
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Table 2.1 Model Parameters for the Composite Tubes

Parameter Value
Tube Inner Diameter (mm) 28.58

Wall Thickness (mm) 0.889
Layer Thickness (mm) 0.152

Interface Thickness (mm) 0.0093
Impactor Diameter (mm) 2.38

Tube Length (mm) 100 and 200
Element Dimensions (mm) 0.25 x 0.25

Elements per Layer 72,268 { 1,011,752 (dependent on length and density)
SPH Particles 4,224 particles

The model is based on 45631-UHM tubes produced by RockWest Composites Inc. used in the

corresponding HVI experiments. These tubes are characterized by their unidirectional design and consist of

a [0, 90, 90, 0] layup. The axial and hoop direction utilizes Mitsubishi 34{700 �bers, all bound together

with NB301 resin. The tubes feature an inner diameter of 28.575 mm and a wall thickness of 0.889 mm.

For e�ciency in computational modeling, only a 50.8 mm segment of the tube was simulated during impact

assessments. The model was further streamlined by applying the material properties of Mitsubishi 34{700

�bers uniformly across all plies. Simulations employed a 2.38 mm diameter spherical aluminum impactor.

The modeling approach for simulating individual plies involved using layers of single 8-node brick

elements, while the cohesive zones between plies were represented by single-element thick interface layers.

This meshing technique ensured an equal number of elements between the plies and the interface areas,

allowing for the removal of duplicate nodes and negating the need for de�ning contacts between plies and

interfaces. The model's geometry is detailed in Figure 2.2.

Ply thickness measurements provided by RockWest Composites were used to determine the thickness of

each layer in the structure. The element size for each layer was set at 0.25Ö 0.25 mm, resulting in a total

of 72,268 elements per layer, inclusive of the interface regions, and culminating in 505,876 solid elements in

the full model. The aluminum impactor was represented with 4224 Smoothed Particle Hydrodynamics

(SPH) nodes. The interaction between the impactor and the composite was de�ned using the

ERODING NODES TO SURFACE contact parameter.
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Table 2.2 Constitutive Models and Parameters for the Composite Tubes

Constitutive Model Parameter

MAT LAMINTATED FRACTURE DAIMLER PHINO (261)

RO: 1568.0 PRBA: 0.120
EA: 1.310E(11) PRCA: 0.120
EB: 8.960E(9) PRCB: 0.120
EC: 8.960E(9) GAB: 1.25E(11)

EFS: 0.350 GBC: 8.27E(9)
XC: 1.24E(9) YC: 1.99E(8)
XT: 2.03E(9) YT: 6.00E(7)
SL: 1.93E(9)

MAT COHESIVE MIXED MODE ELASTOPLASTIC RATE
(240)

RO: 1200 EMOD: 2.00(E)9
INTFAIL: 1 GMOD: 2.00(E)9
G1C0: 0.002 FG1: 0.500
G2C0: 0.008 FG2: 0.900
T0: 5.00(E)7 S0: 3.00(E)7

MAT JOHNSON COOK (015)

RO: 2770.0 G: 2.59(E)10
A: 4.09999 B: 1.25(E)8
N: 0.1830 C: 0.0010
M: 0.8590 TM: 893.0

EPSO: 293.0 TR: 293.0
SPALL: 2 CP: 910.0
D1: 0.7010 D2: 1.248
D3: -1.1420 D4: 0.0097

EOS GRUNEISEN (1)
C: 3939.0 S1: 1.58

GAMAO: 1.690

Figure 2.2 LS Dyna SPH model geometry and element distribution.
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For the laminate layers, the model utilized the MAT LAMINATED FRACTURE DAIMLER PINHO

(261) material model. This model is recognized for its physical-based failure criteria and is widely used in

composite structure impact analysis, o�ering a 3D stress state for the laminate layers compatible with solid

element usage. The cohesive zone was simulated using the MAT COHESIVE MIXED MODE

ELASTOPLASTIC RATE (240), a rate-dependent model with a tri-linear traction-separation law. The

parameters and keyword inputs for this model, derived from existing literature, represent a generic resin

system rather than being speci�c to the NB301 resin system [33]. The aluminum impactor's behavior was

modeled using the MAT JOHNSON COOK (015) with a Gruneisen equation of state.

The corresponding experimental investigation was conducted using a unique two-stage light-gas gun,

known as the Pressure-driven Hypervelocity Observations for Experiments on Near-earth ImpaX

(PHOENIX), and shown in Figure 2.3. The �rst stage is �lled with helium at a static pressure of 552 kPa

which is compressed by a piston triggered by a combustion event from a 0.22-250 cartridge �lled with less

than 1 gram of smokeless ri
e powder. Once triggered, a high-density polyethylene (HDPE) piston

compresses the helium down the pump tube. From there, the gas is further accelerated in a converging

nozzle known as the accelerated reservoir, where a 30-micron thick Mylar burst disc ruptures and initiates

the second stage. PHOENIX's second stage is made up of a launch tube and a 
ight tube. The launch tube

holds the 1.56 mm diameter spherical projectile and acts as a barrel, allowing for as much transfer of

pressure as possible. The 
ight tube enables the projectile to accelerate before impacting the specimen in

the target tank as both the 
ight tube and target tank are held at vacuum.

This design controls the velocity variation by modulating the helium's static pressure in the �rst stage.

By varying the helium pressure, PHOENIX can achieve velocities between 1 and 7 km/s [34]. The impact

event is recorded using two di�erent ultra-high-speed cameras capable of 10 million frames per second. The

�rst camera captures the projectile passing through the diagnostic port for velocimetry, while the second

captures the impact event itself. Although the system achieves a vacuum between 130 to 2.4 kPa, there is

still enough air for the projectile to begin to ablate the gas molecules, leaving a streak of light (like a

shooting star) as it passes by. This streak of light allows the user to trigger the event using a photoresistor

circuit, activating both cameras to begin recording.
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Figure 2.3 PHOENIX two-stage light-gas gun at the Colorado School of Mines.

As mentioned previously, this experimental study utilizes composite tubes that are 4-ply

�lament-wound structures, arranged in a [0/90/90/0] layup con�guration. These tubes are composed of

Mitsubishi K63712 axial �bers and Mitsubishi 34-700 hoop �bers, bonded together using NB301 resin.

Provided by NASA, these composite tubes serve as representative models of the systems currently

employed in operational space structures and anticipated future systems such as the ISAT [1, 35].

The tubes are side lit with a 2W 532 nm laser traveling through beam expanders to approximately 150

mm in diameter. This provides coherent light aimed at the specimen using mirrors inside the target tank.

An image of the two-stage light-gas gun illumination system is shown in Figure 2.4, as well as a callout

with the projectile and tube. Shadowgraphs of the initial impact event and cascading projectile damage

evolution events inside the tube are highlighted with this setup.
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Figure 2.4 Laser and beam expanders pointed inside the tank relative to the projectile and tube.

2.3 Results and Discussion

The LS-DYNA simulation was applied to assess the damage e�ects of hypervelocity impacts (HVI) on

composite truss tubes, considering impacts both perpendicularly and at a 45-degree angle relative to the

tube's longitudinal axis. These tests utilized a 2.38 mm aluminum sphere launched at speeds of 3 km/s,

similar to the projectile size used in Christiansen's study on composite truss impacts [36]. A top-down view

of the perpendicular impact scenario on a four-inch segment of composite truss tube is depicted in

Figure 2.5, showing the simulation at di�erent time intervals.

The �ndings indicate the formation and growth of a debris cloud within the tube's inner diameter

following the initial impact. This expansion of debris, illustrated in Figure 2.5 at an intermediate time

step, supports experimental observations made by Lanouette et al. [37, 38]. The simulation captures how

debris, consisting of material from both the projectile and the compromised carbon structure, spreads

within the tube towards the opposite end. The subsequent collision with the tube's rear face causes the

debris to spread out, signi�cantly enlarging the impact zone. This broader area of impact at the tube's rear

face leads to more extensive damage than that in
icted at the initial point of contact, with the simulation

showing a notable increase in the exit hole's diameter compared to the entrance. The exit hole measured
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approximately 6.5 mm, roughly 2.8 times larger than the 2.3 mm entrance, illustrating a substantial

escalation in damage.

Figure 2.5 Debris cloud results from a normal impact by spherical aluminum 2.38 mm diameter at 3 km/s
on composite tube system model [38].

The simulation also highlights minor �ber damage in the primary directions at the impact site,

contrasting with the more extensive damage and larger exit hole on the rear face. This is attributed to the

broadening impact of the debris cloud on the rear face. Delamination is observed to spread both in the

principal directions and at 45-degree angles relative to the longitudinal axis, potentially in
uenced by the

truss tube's geometry (as shown in Figure 2.6)[38]. However, further studies and experimental validation

are necessary to con�rm this e�ect. Notably, the back face exhibits more signi�cant delamination, a

consequence of the enlarged debris impact area. Importantly, delamination does not encircle the tube's

circumference entirely, nor is there apparent interference from the tube's edges.

An interesting aspect of the simulation is the observed variation in delamination extension within

di�erent cohesive zones, potentially due to the di�ering ply orientations. Speci�cally, zones 
anking

90-degree plies showed altered characteristics, aligning with Yang et al.'s �ndings on ply orientation's

impact on delamination and toughness under static conditions, with impacts introducing unique damage

mechanisms due to mixed-mode coupling [36].
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Figure 2.6 Transverse view of �ber and delamination normal to the impact of a 2.38 mm aluminum
projectile impacting the composite at 3 km/s. Modi�ed from [38].

While studying perpendicular impacts provides valuable insights, most orbital impacts occur at oblique

angles. To explore such scenarios, an oblique impact simulation was performed, extending the modeled

tube length to 200 mm to avoid boundary e�ects in
uencing damage morphology, depicted in

Figure 2.7[38]. As anticipated, oblique impacts in
ict more signi�cant damage due to a larger impact

surface area and the extended spread of the internal debris cloud, resulting in a more extensive

delamination on the back face. This pattern is consistent across simulations, with the oblique impact

creating an entry hole diameter like the normal impact at 2.5 mm but widening the exit damage to

approximately 7.7 mm. This broader damage extent is attributed to the increased impact surface area and

the debris cloud's expansion, underscoring the need for comprehensive damage assessment methods for

both normal and oblique impact scenarios.
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Figure 2.7 Inter-laminar damage morphology on 200 mm composite truss tube from an oblique impact (45
degree relative to longitudinal axis) by a 2.38 mm aluminum projectile at 3 km/s. Modi�ed from [38].

Experimental investigations were conducted using a nylon projectile, which serves as a surrogate for

frozen rocket fuel, a prevalent hazard in low Earth orbit (LEO) [38]. The experiments, conducted at

impact velocities up to 3 km/s, allowed for the estimation of impact pressure using impedance matching

methods, leveraging known equations of state for both nylon and the CFRP tube as simulated in

LS-DYNA [4, 38]. Upon impact, a compressive shock wave emanates from the point of contact, radiating

outward in a spherical manner [24]. In this high-velocity scenario, the material temporarily adopts

hydrodynamic behavior, facilitating the shock wave's propagation at speeds exceeding those of the

material's solid particles, a phenomenon referred to as particle velocity (Up).

At a certain juncture during the impact, an equilibrium state is reached where pressure stabilizes

alongside a corresponding residual particle velocity. This equilibrium state is determined through the

principles of mass, energy, and momentum conservation and is visually represented in Figure 2.8 [4]. The

graphical intersection representing the target and the impactor's responses marks the equilibrium or

impedance match point. Figure 2.8 illustrates this interaction with a plot depicting the impact of a nylon

projectile on a CFRP tube at 3 km/s, o�ering insight into the dynamic pressures involved in such

hypervelocity encounters.
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Figure 2.8 Impedance match, or a pressure versus particle velocity diagram, of nylon and CFRP at an
impact velocity of 3 km/s.

Figure Figure 2.8 reveals that the impact reaches an equilibrium point at a pressure of 10.9 GPa,

coupled with a particle velocity of 1.17 km/s. This equilibrium pressure signi�cantly exceeds, by more than

threefold, the Hugoniot elastic limit (HEL) of CFRP, as indicated by the red horizontal line in the �gure,

triggering a hydrodynamic event. Under such conditions, the resulting damage from the impact transcends

typical ballistic damage, evolving into a predominantly thermodynamic phenomenon, where thermal and

pressure e�ects dominate over traditional fracture or ballistic damage mechanisms [6, 39].

A secondary impact scenario, illustrated by the dashed line in Figure 2.8, involves the residual

projectile and debris from the initial impact. The equilibrium pressure for this secondary impact falls

below the HEL, suggesting it would in
ict considerably less damage compared to the primary impact. The

depicted curves in Figure 2.8, while theoretical and based on idealized equations of state, align closely with

experimental observations of similar interactions. These experiments, probing impact velocities and

pressure conditions around the HEL of CFRP, yield results that mirror the theoretical predictions.

Figure 2.9 showcases experimental shadowgraph images captured 10 microseconds post-impact, spanning

velocities from 1.15 km/s to 3.05 km/s, providing a visual reference to the range of impacts studied, and

resulting internal fragmentation characteristics.
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