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Advancements in both the design and construction of high-speed naval vessels have 

necessitated the evaluation of the building materials in a cavitating environment.  Given 

their weight advantages, construction materials are often either aluminum or glass 

reinforced polymer (GRP) composites.  Historically, neither of these materials has 

performed well in a cavitating environment.  The objective of this effort was to evaluate 

cavitation erosion protection alternatives for a GRP composite structure used in a 

cavitating environment.  Screening of the various design alternatives was done using the 

ASTM G32 vibratory induced cavitation test method and a relative ranking of each 

protection system was generated.  Results from the testing show that a GRP composite 

system can be designed to greatly increase the cavitation erosion resistance of the 

material, but this resistance remains below common metallic materials.  A solution 

identified during this study involves the use of durable elastomer materials as the 

protection mechanism. 
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1. Introduction 

The U.S. Navy is currently pursuing the development of advanced hull forms to meet 

future naval requirements.  One capability that is universally being sought from these 

new hull forms is the ability to operate above fifty knots for sustained periods.  In this 

environment, naval designers will need to make special considerations for any hull 

structure that remains below the waterline.  At these speeds changes in hull curvature can 

drop the flowing water below its vapor pressure and induce cavitation.  In a relatively 

short amount of time, the material at the cavitating hull section may begin to show signs 

of damage from having to absorb the energy of the impinging, collapsing bubbles.  This 

can quickly lead to significant material loss by erosion of the weakened and damaged 

material.  If left unchecked, both hydrodynamic performance and structural degradation 

can result.    

There is a current need to evaluate the cavitation erosion resistance of materials and 

protective systems for advanced ship hull sections.  Examples of the cavitation generated 

by moving bodies due to geometric shape changes are illustrated in Figure 1.1.  The 

damage and material loss caused by cavitation erosion of naval surface vessels has 

traditionally only been seen in the areas of the propeller and rudder components.  These 

components are typically constructed from relatively cavitation resistant materials such as 

stainless steel or NiAl (Nickel Aluminum) bronze.  Both of these materials have a long 

history of being used in cavitating environments and are repairable when damage does 

occur.  The downfall of these materials however is their excessive weight when 

evaluating these materials for the construction of a complete high-speed hull form.  Most 
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of the advanced hull forms being proposed to the U.S. Navy make use of much lighter 

materials such as aluminum or glass reinforced polymer (GRP).  Both of these materials, 

however, are documented as being very poor with respect to their cavitation erosion 

resistance.        

Figure 1.1 - Photographs of cavitation generated by high speed lifting body shapes.  
[University of Tokyo]  

The work presented herein was performed under the Modular Advanced Composite Hull-

form (MACH) project where the focus is to develop and test hybrid metal/composite 

structural systems for naval ship applications.   The MACH project is part of a joint effort 

between the University of Maine, the Navatek division of Pacific Marine (PACMAR) of 

Honolulu, HI, and Applied Thermal Sciences (ATS) of Sanford, Maine and is performed 

in conjunction with the Navy Surface Warfare Center at Carderock, MD (NSWCCD).  

The mission of the MACH program is to develop fast efficient surface vessels that use 

additional underwater bodies attached to a more traditional hull-form. The primary 

motivation for this project is to provide alternatives to conventional hull construction 

techniques and conventional hull forms by using modular hybrid construction methods.   
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One goal of the MACH project is to develop a methodology of designing and 

constructing lightweight hybrid composite/metallic hull forms to be used on high-speed 

ships.    The goal is to deploy ships where more payload and/or higher speeds can be 

achieved at little or no additional power consumption and with excellent sea keeping 

ability.    

Figure 1.2 shows one example vessel called the MIDFOIL developed by Navatek where a 

hydrofoil and a parabolic lifting body shape are combined with a catamaran hull to 

achieve additional buoyancy and dynamic lift which greatly improves the performance 

and sea-keeping of the vessel.  Relatively inexpensive pilot tests on the MIDFOIL and 

similar vessels have shown that this method has great advantage for fast military support 

craft and commercial vessels such as ferries.  Recent studies have shown that the addition 

of underwater bodies can dramatically improve speed, reduce fuel consumption and 

increase payload.  These efforts have also demonstrated that composite material 

construction can bring about increased structural efficiency.    

The method proposed for construction of a composite/metal hybrid version of the 

underwater lifting body is to use a skin made of composite materials attached to a metal 

framework. Figure 1.3 shows a schematic of this concept.  This type of system will allow 

for ease of maintenance of equipment housed inside the lifting body and it will provide a 

metal skeleton to facilitate attachment of propulsion equipment. The skin design is of 

monocoque, stiffened or sandwich construction depending upon structural requirements.   

It is subsequently attached to the metal structure using a hybrid connection.  Detailing 

this connection to have adequate strength and watertight integrity is imperative.   
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Bolted Connection to Metal 

Metal Sub-Frame 

 

Composite Laminate Panel     

  

Figure 1.3 - Hybrid Structure Constructed Using GRP Composite Skin Over Metal 
Substructure

 

Parabolic underwater lifting body  

 

Figure 1.2 - Midfoil Craft with Underwater Lifting Body 
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The MACH program hopes to provide a cost effective methodology of helping ship 

manufacturers achieve the goals of lightweight, high speed vessels that meet future U.S. 

Navy requirements.  Cavitation is anticipated on these lifting bodies due to the high-

speed design of these ships. Depending on the specific design of the lifting body, ship 

designers expect cavitation inception in the range of 45-50 knots.  Cavitation is likely to 

initiate at localized regions such as where the vertical struts attach or other sharp changes 

in geometry.   As speed is increased above the inception limit, cavitation will intensify in 

these localized regions and then begin to form along the upper surface of the lifting body 

as depicted in Figure 1.1.  The image on the left shows what is commonly referred to as 

sheet cavitation along the upper surface.  The image on the right shows both the sheet 

cavitation as well as cloud cavitation on the right side of the image.  Both of these 

cavitation modes are expected on the lifting bodies as ship speeds are increased.  Given 

this design methodology and the anticipated cavitating environment, research is needed 

on how to make composite materials resistant to the damaging effects of cavitation or 

how to provide a protective envelope in the regions prone to cavitation.  In order to insure 

the utility of GRP components in these severe operating conditions, the MACH program 

initiated a research task to identify methods of making GRP panels more resistant to the 

effects of cavitation erosion.  The research presented herein is the results of that task.  

1.1 Objectives 

An engineering study was conducted to identify methods that increase the cavitation 

erosion resistance of hybrid composite/metal structures.  A number of advanced material 

system concepts were investigated as follows: 
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1) Advanced durable composite shell,  

2) Composite shell with cladded metal or ceramic coatings, and  

3) Composite shell overlaid with a metallic outer skin 

Included in the objectives of this effort is the ability to adapt the cavitation erosion 

resistant material system to a full-scale ship manufacturing process.  A proof-of-concept 

study was embarked upon that quantifies the relative cavitation erosion resistance of 

numerous material systems using a modified ASTM G32 test method.  

1.2 Scope of Work 

The focus of this research effort is the development of one or more methods for making 

GRP panels more resistant to the effects of cavitation erosion.  Section 2 describes the 

pertinent theory behind cavitation and its effects on structural materials and includes a 

literature review of previous testing with composite materials.  Candidate material system 

designs are discussed in Section 3 along with the advantages of each.  Section 4 discusses 

the test method used to rank the material systems as well as the specific materials tested.  

The results of the cavitation testing are presented in detail in Section 5.  A final summary, 

conclusion and recommendation is given in Section 6 for the design and construction of a 

cavitation erosion resistant material system for use with GRP panel hull structures. 
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2. Background Research 

2.1 Cavitation Erosion Phenomenon 

Understanding the basic phenomena associated with cavitation erosion and researching 

previous work done with composite materials in these types of environments is essential 

to the development of a viable cavitation erosion protection system.  Historically, 

composite materials have been poor in their resistance to cavitation attack due to the 

erosion of the matrix material.  It has been noted in the literature that the greatest amount 

of work done on the erosion resistance of composite materials comes from rain erosion 

tests in the aerospace industry [Hammond et al., 1993].  There are some parallels to be 

drawn between these two environments and it has been cited that the methods used to 

improve the performance are the same [Hammond et al., 1993].  

In order to understand a material s response to cavitation attack, it is necessary to first 

understand the basic mechanisms of cavitation.  The term cavitation refers to the 

phenomena of the formation and collapse of gas/vapor bubbles within a liquid.  When the 

pressure in a fluid drops below the vapor pressure, a bubble is formed.  Once the liquid 

pressure recovers, the bubble collapses.  The actual dynamics of the bubble collapse has 

been extensively reported by numerous researchers [Morch, 1979] and will only be 

summarized herein. The environment in which the bubble is formed has an important 

effect on the resulting collapse dynamics. A single bubble formed far from any boundary 

will collapse spherically.  The region of highest pressure in this instance is the geometric 

center of the bubble where a spherical shock wave is emitted.  Under most realistic 

conditions, the presence of a wall or other bubbles in the flow causes a deviation from a 
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perfectly symmetrical collapse.  This asymmetry greatly complicates the bubble collapse 

dynamics and results in the formation of a liquid jet by the collapsing bubble surface.  

This jet is illustrated in Figure 2.1 and shown in-situ in Figure 2.2.  If the bubble is near a 

solid boundary, then this liquid jet acts as a water hammer against the surface.  

Combined with the typical shock wave during collapse, both of these mechanisms can 

result in damage to the structure. Most researchers, however, credit the liquid jet as being 

the major damage mechanism.  In addition to the effect of a single bubble collapse, the 

idea of magnification in impingement pressure due to the cumulative collapse of a cloud 

of bubbles has been reported as providing as much as a ten fold increase in pressure.  

Pressures on the order of 900 MPa have been reported at the surface near a cavitation 

cloud [Morch, 1979].  The effect of this phenomenon on ductile materials is a local strain 

hardening at the site and an eventual fatigue failure of the material [Veerabhadra Rao et 

al., 1981].  Further exposure beyond this incubation period leads to cracking and loss of 

material. 

 

Figure 2.1  Schematic of asymmetrical bubble collapse showing liquid jet 
impingement [Morch, 1979] 
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Figure 2.2 - Photograph of actual collapsing cavitation bubble.  [Center for 
Industrial and Medical Ultrasound, University of Washington]  

2.2 Material Property Correlation 

There have been numerous efforts to correlate a material s resistance to cavitation erosion 

with some physical material property such as strength, toughness, hardness, etc.  Early 

statistical research pointed to a material s hardness as the primary correlation factor 

[Heymann, 1970].  This conclusion was recently reiterated by Hattori [Hattori et al., 

2003].  Competing theories involve other mechanical properties including a combination 

of ultimate tensile strength and elastic modulus termed ultimate resilience [Garcia et al., 

1967], the combination of ultimate resilience and hardness [Veerabhadra Rao et al., 

1981], energy absorption characteristics [Thiruvengadam et al., 1966], and fatigue 

strength [Richman et al., 1990].  Most of these studies, however, have only considered 

metallic materials or combinations of metals with hard ceramic coatings.  More recent 

research is trying to factor in the intensity of the cavitation environment [Escaler et al., 

2001], [Soyama et al., 2001], [Lecoffre, 1995].  The unique properties of GRP or 
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elastomer materials, however, are not sufficiently covered in any of the traditional 

research on cavitation resistance.   

2.3 Metals and Coatings 

By far the most common material used in cavitating environments is some form of a non-

corrosive metal.  The family of stainless steels is found in a wide variety of components 

ranging from pipe and valve components to high speed pump impellers and even blades 

of large hydroelectric turbines.  More specialized materials such as NiAl bronze find 

application in Naval ship components such as propellers and rudders.  Higher 

performance components that are conscientious about both weight and strength such has 

hydrofoils are commonly constructed of titanium.  Though markedly different in their 

mechanical properties, these materials all show a high level of cavitation erosion 

resistance.  Other non-corrosive materials such as aluminum are rarely used in these 

environments because of their poor resistance to erosion.  A complete review of all the 

different grades of materials and formulations used in cavitation environments is beyond 

the scope of this research.  Instead, the vast database of metals research was used to help 

characterize and understand the damage mechanisms of cavitation.  Also, given its 

widespread use, 316L stainless steel was chosen as the benchmark material in order to 

compare any future material system.  

2.4 Rain Erosion Studies 

The work of Hammond [Hammond et al., 1993] and co-workers suggest that one of the 

biggest databases available for the erosion resistance of composite materials exists from 
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rain erosion testing in the aerospace industry.  Composite aircraft components such as 

leading edges of wings, flaps and rotors of helicopters all are susceptible to damage from 

high-speed droplet impingement caused by rain and dense moisture environments.  

Similarly, the nose regions of missiles, bombs and reentry vehicles must also be designed 

to withstand high-speed flight through a rain environment.  

The mechanism of erosion in a droplet impingement environment like rain has many 

similarities to that of cavitation.  The asymmetrical collapse of a cavitation bubble and 

the formation of the water jet are analogous to the high-speed impact of small droplets.  

One study notes that the deformed surfaces of materials subject to both processes are very 

similar and that the methods used to improve the material s performance were found to 

be the same [Preece, 1979].  Because of the large database of information and the similar 

damage mechanisms, a search of the available literature was undertaken in order to find 

out what material systems are in use for the effective resistance of composite materials to 

rain erosion.  

Early research into the survivability of metals and plastic materials for high-speed 

aerodynamic structures demonstrated the severity of the environment [Williams, 1952].  

Using a rotating arm and a vertical nozzle spray, conditions up to 700 mph could be 

simulated and different material specimens were evaluated.  After testing many different 

metals, plastics and coated plastics, the results pointed to neoprene rubber as the leading 

erosion resistant candidate.  By the 1970 s, the use of composite materials as we know 

them today was becoming much more prevalent on aircraft and aerodynamic structures.  
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A study released in July, 1974 by the Hughes Aircraft Company examined different 

construction techniques for increased rain erosion resistance [Kimmel, 1974].  Utilizing a 

whirling or rotating arm device, the specimens were subjected to impingement by 1.2 

mm water droplets at a speed of 333 m/s.  The variables evaluated included fiber angle, 

impact angle, matrix, reinforcement and reinforcement configuration.  Measuring the 

mass loss of each specimen tabulated the results.  These results showed that more flexible 

matrices outperformed rigid formulations.  The effect of impact angle with respect to 

fiber angle showed that the best reinforcement configuration was unidirectional fibers 

oriented end on with the droplet impact direction.  In second place was multidirectional 

reinforcement with the more traditional 2D fabric constructions showing the least erosion 

resistance.  With respect to the reinforcements, a Nomex/glass composite was found to be 

far superior to the Kevlar composites tested.  These test results are noted as being typical 

with the results of other previous testing of composite material systems of this time 

[Kimmel, 1974].  

Given the advances in reinforcement materials and matrix formulations, it was desired to 

find a more recent survey of typical rain erosion protection materials in use today.  

Kaman Aerospace Corporation conducted one such survey in 1996 [Weigel, 1996].  The 

objective of this study was to identify a nonmetallic sand and rain erosion resistant 

material for use on U.S. Army rotorcraft blades.  Given the composite substrate and the 

severity of the environment and operating conditions, this study provides a good basis for 

assessing today s state of the art in rain erosion protective materials.  The investigation 

primarily focused on elastomeric materials given their superior sand erosion resistance 
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properties compared to metals [Falcone et al., 1974].  However, it is also reported that 

elastomeric materials traditionally under perform metals with respect to rain erosion 

resistance.  The study included moldable and castable materials, films and tapes, 

sprayable coatings, and two component, room temperature curing systems.  In total, 74 

material configurations were tested for rain erosion resistance at a whirling arm rain 

erosion test rig located at Wright Patterson Air Force Base, Ohio.  The top candidate 

material proved to be a moldable aliphatic polyether TP urethane from 3M Corporation.  

It proved to last 36 times longer than an uncoated glass/epoxy reference sample and 

almost four times longer than the next best performing material.  

In summary, there exists a substantial amount of experimental data on the performance of 

composite materials in a rain erosion environment.  Given the similar damage 

mechanisms to that of cavitation erosion, perhaps some of the same materials and 

techniques that are effective in increasing a material system s rain erosion resistance will 

also be effective in increasing a material s cavitation erosion resistance.  For uncoated 

composite material systems, the use of multidirectional reinforcements with fibers 

oriented through the thickness appears to be the best design alternative for the current 

application.  This however may add significant material complexity and may not be 

feasible given a suitable alternative such as elastomeric materials.  

2.5 Previous Composite Material Testing for Cavitation Erosion 

As stated previously, most of the erosion studies done on GRP materials focus on the rain 

erosion resistance of these materials.  The body of literature that specifically examines 
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the cavitation erosion resistance of GRP materials is considerably smaller.  Two of the 

cavitation studies of interest will be reviewed in this section.  The first is entitled 

Cavitation Erosion Performance of Fiber Reinforced Composites by Douglas 

Hammond from Pennsylvania State University [Hammond et al., 1993].  This work 

served as the basis for much of the research relating to composite materials that is 

contained herein.  In this study, the authors investigated four different fiber/resin 

combinations utilizing carbon and glass fibers as well as both epoxy and thermoplastic 

resins.  The test method was based on a modified ASTM G32 vibratory induced 

cavitation method.  The results from this study show that all the different GRP materials 

perform similar to one another in their cavitation erosion resistance.  By comparison, the 

GRP materials perform better than aluminum, but not as good as NiAl bronze.  The 

authors discuss in detail the damage mechanisms of the composite substrate.  Scanning 

electron microscope pictures of the cavitated surface show that the early damage 

mechanism is a general erosion of the outer matrix material that covers the fibers.  Once 

the fiber reinforcement is exposed, the anisotropic nature of the composite begins to have 

an effect on the erosion patterns.  The softer matrix material is eroded in between the 

fiber bundles and provides for what the authors describe as a tunneling or wave guide 

effect for the cavitation bubbles.  This effect serves to undermine the stiffer fiber bundles 

and ultimately leads to fiber breakage and erosion.  It is noted in this report that although 

composite materials are generally more compliant in their transverse material stiffness 

compared to metallics, traditional layup geometries only serve to reduce the cavitation 

forces by 15-20 percent.  In general, this paper concludes that composite materials are not 

as good in cavitation erosion resistance as more traditional metallics.  Noted as an 
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exception to this conclusion, however, was a study performed by Djordjevic and co-

workers [Djordjevic et al., 1988].  They examined composite materials with a sandwich 

construction in order to more suitably tailor the transverse stiffness of the material.  The 

tested materials contained either one or two layers of E-Glass/Epoxy over a PVC foam 

core.  Results from the testing using a similar vibratory induced cavitation method 

showed that the single laminate construction over a foam core yielded less erosion than 

stainless steel.  One interesting element from the testing was the reporting of combustion 

of the foam core due to excessive heat buildup from the energy absorption.  The authors 

report that by inserting steel wires into the foam core, the thermal conductivity of the 

foam was increased sufficiently to stop the reported combustion during testing.  Although 

the favorable results of this testing is unique in the literature, the ability to tailor the 

transverse material properties of composites using sandwich construction and energy 

absorbent core materials is an advantage when considering how to protect composite 

panels from the cavitation environment.  For this reason, an effort was made during this 

testing to duplicate these results and explore the potential of this material system.  
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3. Erosion Resistant Material System Considerations 

The cavitation erosion resistant material system used in the underwater lifting body is 

intended to be a nonstructural outer layer of the composite substrate.  Figure 3.1 

schematically shows a number of different potential material systems investigated.  These 

include a durable composite outer skin with or without an energy absorbing core material 

(Figure 3.1a), a durable composite skin with a thin layer protective coating (Figure 3.1b), 

and a metal or elastomeric skin applied directly to the structural composite substrate 

(Figure 3.1c).  These material systems are arranged in their relative order of risk versus 

reward based on potential nonstructural weight added to the system, compatibility and 

post lay-up manufacturing considerations.  It is generally agreed that a durable composite 

material system will be the most difficult to realize when compared to more traditional 

metallic solutions yet it will offer the greatest potential rewards with respect to weight 

savings.  

Based on a review of the cavitation erosion mechanisms and a review of the use of 

composites in the marine industry, a number of material systems were selected for 

design, construction and testing.  When evaluating GRP composites, Figure 3.2 

summarizes a qualitative ranking of various material constituent properties [Greene, 

1999].  Given this summary of materials and the Navy s guidance with respect to 

applicable GRP material selections, specific combinations of fiber, matrix and core were 

manufactured and tested.    As with any experimental effort, lessons and results learned in 

this first round of testing were incorporated into future testing and material system 

consideration.
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Figure 3.1  Schematic representation of different types of material systems            

Figure 3.2  Qualitative assessment of marine composite construction materials 
[Greene, 1999] 
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3.1 Composite Erosion Protection System 

Six different composite material systems were developed for study using carbon, E-glass 

and quartz fibers.  In addition to testing the base E-glass structural material system, a 

pure carbon fiber/vinyl ester laminate was also tested.  Building from the concept 

depicted in Figure 3.1a, three different combinations of materials and foam core were 

tested.  These samples included single layers of carbon, quartz, and a unique 

carbon/quartz hybrid fabric all bonded to a linear PVC foam core.  A number of 

sprayable/paintable elastomer coatings were also tested based on Figure 3.1b.  In addition 

to the composite and elastomer material systems, a number of metallic solutions was also 

investigated as potential candidates for thin skin material as shown in Figure 3.1c.  The 

specific properties of these composite material systems and the rationale for their 

selection are presented in this chapter.  Material selection was based upon materials that 

are typically used for marine structural purposes.  It is noted that good structural 

properties and cavitation erosion resistances are not necessarily correlated.      

3.1.1 Fiber Properties  

The selection of fiber types for testing was based on a review of recent marine industry 

practices of both recreational and commercial vessels as well as input from U.S. Navy 

composite designers.  The fiber types investigated provide a broad range of physical 

properties in order to tailor the end structural properties and are all compatible for use in 

the marine environment.  The mechanical properties of each fiber type are listed in Table 

3.1.  When applicable, a particular grade or subtype of fiber has been specified.  From 
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this comparison, it was decided to investigate both glass type and carbon fibers.  These 

two choices provided the full range of strength, stiffness and strain at failure properties.  

The actual laminate weave and ply schedule will be discussed in Section 3.2.3.  The 

addition of High Purity Quartz Yarn (HPQY) was made at the manufacturers request 

because of availability.  Its properties were considered to be very close to E-glass when 

tested.  Although aramid fibers are widely known for their impact resistance, they were 

not included as part of this test sequence due to their hydrophilic nature.  

Table 3.1 - Fiber property comparison   
E-Glass HPQY Aramid 

Kevlar® 49 
Carbon 
T300 

Density (lb/in3) 0.094 0.079 0.052 0.064 
Tensile Strength (ksi) 500  400  522  529  
Tensile Modulus (Msi) 11 10 19 33.5  

 

3.1.2 Resins 

The resin selection was based on a review of the compatibility with the fiber and the 

marine environment. Table 3.2 presents properties of the resins evaluated under this 

effort and includes three versions from the DOW Derakane

 

family. Derakane

 

8084 

was selected for the testing both because of its interest to the Navy and its extensive use 

in the structural tests performed under the MACH program.  It is a rubber-modified 

version of the base Derakane

 

family with greater elongation and impact resistance. All 

of these resins are reported as having good properties with respect to strength, fatigue and 

energy absorption.     
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Table 3.2 - Resin property comparison   

Derakane 
411-350 

Derakane 
8084 

Derakane  
510A 

Viscosity 350 cps 350 cps 350 cps 
Specific Gravity 1.13 1.13 1.23 
Tensile Strength 11,500 psi 10,500 psi 10,500 psi 
Tensile Modulus 490 ksi 460 ksi 500 ksi 
Tensile Elongation 6.5 % 11 % 5 % 
Flexural Strength 17,000 psi 17,000 psi 18,000 psi 
Flexural Modulus 450 ksi 440 ksi 530 ksi 
Reverse Impact 57 in-lb 207 in-lb   

 

3.1.3 Sandwich Core Materials 

The sandwich core selected for investigation has a good mix of strength and energy 

absorption properties along with good fatigue performance.  The core material selected 

was the Airex R63.80 linear PVC foam from Baltek Corporation.  Its properties are 

compared to a common end grain balsa in Table 3.3.  Polyvinyl foam cores are 

manufactured by combining a polyvinyl copolymer with stabilizers, plasticizers, 

crosslinking compounds and blowing agents.  The mixture is heated under pressure and 

then submerged in hot water tanks in order to expand to the desired density.  The material 

is generally available in either a cross-linked or linear form.  Linear PVC foam has a non-

connected molecular structure that allows significant internal displacement of the 

material before failure which results in the high energy absorption characteristics of the 

material [Greene, 1999].  This is illustrated in the higher impact strength rating and the 

greater shearing at break percentage listed in Table 3.3.  Although a common core 

material for hull structures, balsa was not considered for this study due to the Navy s 

hesitation about its use below the waterline.  
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Table 3.3 - Core material property comparison (properties courtesy of Baltek 

Corporation)   

Linear PVC Cross-linked PVC

 
End Grain Balsa

 
Product Designation  Airex® R63.80

 
Airlite C70B-5.0

 
Superlite S56 

kg/m3 90 86.5 97 Nominal density

 

    lb/ft3 5.6 5.4 6.07 
Compressive strength

 

Perpendicular to plate psi 130 169 961 
Compressive modulus

 

Perpendicular to plate

 

psi 8120 9238 302664 
Tensile strength  
In plane psi 200 334 1114 
Tensile modulus 
In plane psi 7250 18625  
Shear strength psi 145 181 271 
Shear modulus psi 3050 3580.5 15696 
Shearing at break % 75 25  
Impact strength lb-ft/in2

 

2.4 0.53  

 

3.1.4 Laminate Geometry 

The laminate geometry implies a mixture of ply thicknesses (thick or thin), ply 

orientations and weave geometry.  Figure 3.3 depicts typical weave patterns for 

composite fabrics.  The custom weaves used in the carbon fiber, HPQY, and combination 

carbon/HPQY were all harness weaves as depicted in (d).  Specifics of the various 

laminate geometries are listed in Table 3.4.  As cited by Hammond, the common failure 

mechanism for composites is the erosion of the matrix around the fiber bundles which 

eventually leads to subversion and fiber breakage.  It is possible that different weave 

densities and/or geometries could influence this behavior by more closely packing the 

fiber reinforcement.  Although this methodology was not specifically tested during this 

study, inherent size differences of the different fiber bundles does provide some empirical 
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evidence based on weave density alone.  A full discussion of the material systems and 

their results is given in Chapter 5. 

 

Figure 3.3 - Laminate weave geometries [Strong, 1989]  

Table 3.4 - Manufactured laminate geometries   
Fiber 

(warp/fill) 
Weave density 

(picks/inch) 
(warp/fill) 

Fabric 
weight 
(oz/yd) 

Ply 
thickness 

(mils) 
Fabric A T300-3k/T300-3k

 

24/23 10.7 11 
Fabric B HPQY/HPQY 54/55  9.5 9 
Fabric C T300-3k/Quartz 

300 2/2 
24/60 10-13 12-14 

Fabric D E-glass  NA 24 31 
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3.2 Surface Protection Layers 

In addition to the foam core composite material system, a number of different surface 

coatings were also investigated.  The two classes of coatings investigated were hard 

ceramic coatings and energy absorbing polymers/elastomers.  Hard ceramic coatings are 

often used in the protection of metallic components in cavitating environments such as 

the turbine blades in a hydroelectric turbine.  The Army Corp of Engineers in conjunction 

with the Tennessee Valley Authority conducted a fairly thorough review of these coating 

options [Boy et al., 1997].  One drawback of many of these materials is the application 

method.  A majority of these coatings are applied with either plasma spraying or HVOF 

(high velocity oxy fuel) techniques.  Both of these techniques impart a good deal of 

thermal loading onto the substrate surface during application.  Given the low temperature 

limitations of a composite substrate, these techniques were avoided.  There are however, 

a few ceramic coatings that are applied with a brush or other similar methods.  One such 

coating is CeRam-Kote manufactured by Freecom, Inc.  This coating was included in the 

testing on the recommendation of Navatek.  They have used this coating on previous 

vessels with good results.  The bulk of the testing involved various polymer/elastomer 

formulations.  Many of these coatings are applied either by brush or low pressure 

spraying and are thus suitable to large scale composite structures.  These materials 

included silicone rubbers, urethanes, fluoroelastomers and polyurea compounds.  There 

were also some materials included that are applied in a sheet form.  These included 

EPDM rubber and SCAPA® tape which is most commonly used as an erosion shield on 

the leading edges of propellers and helicopter blades.  A full list of the elastomer 

materials tested is given and discussed in Chapter 5. 
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3.3 Metal Skins 

The third material system concept depicted in Figure 3.1c consists of a thin metal skin 

applied over the base structural composite.  Materials considered for this protection 

system included NiAl bronze (propeller bronze), 316L stainless steel and two highly 

corrosion resistant duplex stainless steels, ferralium (alloy 255) and Zeron

 

100.  

Ferralium is a high strength, corrosion resistant stainless steel produced by Langley 

Alloys of Staffordshire England.  Zeron

 

100 is a similar grade of material produced by 

Weir Materials and Foundries in Manchester England.  Drawbacks to the implementation 

of this system include the added weight, formability concerns with complex curves and 

the difficulty of adequately bonding the metal to the composite substrate.  No specific 

testing or evaluation was undertaken to evaluate these factors.  If this type of system were 

implemented, it is most likely that these metallic protection panels would only be applied 

to the areas most prone to severe cavitation attack.  The results for these materials are 

given in Chapter 5.  
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4. Cavitation Testing 

The cavitation erosion testing of material system specimens is performed in accordance 

with a modified ASTM G32-98 standard.  ASTM G32-98 is the Standard Test Method 

for Cavitation Erosion Using Vibratory Apparatus .  The ASTM G32-98 test procedure 

uses an ultrasonic horn to vibrate a test material placed in a liquid.  It was necessary to 

modify the standard procedures during this research effort to allow for proper support of 

the material being tested.  In the G32 standard, the material to be tested is fabricated to 

specific dimensions and threaded into the end of the ultrasonic horn.  The test sample is 

then vibrated and the cavitation damage occurs on the under side of the sample.  This 

mounting method presents a significant challenge when testing composite or elastomeric 

materials.  A common modification to the standard test method used in previous studies 

such as those conducted by Hammond [Hammond et al., 1993] and Djordjevic 

[Djordjevic et al., 1988] is to mount the test sample stationary below the vibrating horn 

tip.  The amplitude of the horn tip oscillation as well as the horn tip to sample distance is 

carefully controlled in order to assure a repeatable test environment.  Although the 

cavitation erosion mechanism present in this method is not the same as that on an 

immersed moving body, this method has been shown to be useful in ranking various 

materials with respect to their erosion resistance.  Given the minimal equipment required 

and the simplicity of the test method, it is an attractive method for providing valuable 

data for a proof-of-concept study where the erosion resistances of new material systems 

are compared to traditional materials on a relative basis. 




