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THE STUDY OF THE PROPERTIES OF POLYMERIC MATERIALS BOTH 

PRISTINE AND COATED WITH METALLIC NANO-LAYERS WITH REGARD TO 

IMPACT EROSION. 

 

Under the direction of STEPHEN D. HILL, PH.D. 

 

 

 

This project will examine the impact erosion behaviors of a variety of composites 

and polymer materials, as well as the effect of factors such as additives and thin film 

coatings on the polymers and composites.  The materials to be examined will be: 

Polycarbonate, Polypropylene, Polyethylene, Polystyrene, PVC, and Epoxy resin.  

Samples of each of these six materials will be subjected to Rockwell hardness tests, 

three-point bending tests, and solid particle erosion tests at a normal impact angle with 

the goal to ascertain the behavior of these materials in regards to erosion.  Additionally, 

samples of certain materials will be coated with a thin film layer of copper, titanium, or 

titanium nitride by the method of DC magnetron sputtering.  The coated samples will also 

be subjected to erosion tests to determine the effectiveness of the coatings in improving 

the characteristics of erosion.
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CHAPTER 1 

INTRODUCTION AND BACKGROUND 

Polymer Composites 

Polymer materials and their composites are becoming widely used in a variety of 

industries, in everything from manufacturing to aerospace, to consumer goods and the 

automotive industry.  In general, these materials are lightweight, flexible, and feature a 

high strength to weight ratio, making them ideal for environments where weight and cost 

efficiency are important considerations.  There are two primary classes of polymer: 

thermoset and thermoplastic.  These terms are generally applied to describe the curing 

process required to create a certain material, and can be used to predict the material’s heat 

resistance.  Some examples of commonly used thermoplastics include polycarbonate, 

PVC, acrylic, and nylon, while common thermoset plastics include epoxy resin, 

polyurethane, and vinyl ester.  The curing process of thermoset plastics allows them to be 

cast into molds, making them ideal matrix materials for composites, with epoxy resin 

being one of the most common matrix materials currently used in the composites 

industry.   

A composite material, in the broadest sense, is created by combining two or more 

unique components to create a new material with enhanced properties [1].  With 

examples ranging from modern carbon fiber laminates, to reinforced concrete, to ancient
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straw reinforced clay bricks, to natural wood itself, the “composite” label can be applied 

to a very wide family of materials.  An increasingly common family of materials finding 

focus recently, both in research and in industry, is fiber reinforced composites.  These 

materials are generally constructed from a strong fiber or particle, such as carbon, glass, 

or aramid, held together by a lightweight matrix material, such as polyester or epoxy.  

The fibers are capable of withstanding strong tensile forces, however are unable to 

withstand compressive or transverse loads, due to their thin cross section.  The matrix is 

used to hold the fibers together, and enables the long, thin fibers to resist buckling due to 

compressive loads.  The matrix material is also responsible for protecting the fibers from 

erosion, corrosion, and other environmental damage.  If a composite is to be used in a 

highly corrosive or dangerous environment, it is not uncommon to add a filler material, 

such as calcium carbonate, to the matrix material.  This filler can help reduce the damage 

to the polymer matrix material due to UV radiation and humidity, increase the chemical 

resistance of the matrix, or reduce the possibility of smoke or fire from high heat.  The 

strength and material properties of the composite depend strongly on the method used to 

manufacture it.  The fibers themselves may be oriented in the same direction, may be 

woven together, or may be randomly oriented.  They may also be of uniform length or 

random lengths.  The strength of the composite also depends on the ratio of matrix 

material to fiber material.  To create more reliable components, designers using 

composite materials will often specify the laminates to be created as thin sheets which are 

then laminated together to ensure strength in all relevant directions.  These laminated 
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sheets may be used alone, or may also be used to create sandwich structures, by pairing 

thin sheets with a lightweight core, such as foam or aluminum honeycomb.  The 

sandwich structures are known to have a very high bending stiffness [1].   

Both polymers and the fiber materials used to create reinforced composites are 

susceptible to environmental damage and degradation.  Factors such as ultraviolet 

radiation and humidity will degrade polymers.  The damage suffered tends to be 

dependent on the length of time the material is exposed to the environment.  The 

degradation will cause chemical changes in the polymer, resulting in visible damage to 

the surface as well as greatly reduced mechanical properties [2,3].  The reduction of this 

damage is a key area of interest for research, as increasing the reliability of components 

constructed from polymers and their composites will both reduce maintenance costs and 

improve safety.  Currently, research is being conducted to observe the effects of adding 

filler materials to the polymer [1], as well as shielding the polymer from exposure by 

applying thin films to the surface [4,5,6].   

Thin Films 

Thin films refer to the process of applying a thin layer of a certain material to the 

face of a substrate material.  The coating material may be metallic or ceramic, and is 

generally applied at the nanometer or micrometer scale.  These coatings may be applied 

to alter the mechanical, electrical, or optical properties of the substrate, or may even be 

applied simply for aesthetics.  There are several methods for applying thin films, 

including physical vapor deposition, atomic layer deposition, chemical vapor deposition, 

and plating, each of which resulting in slightly different properties [7].  The method of 
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magnetron sputtering, illustrated in figure 1, a form of physical vapor deposition, is of 

particular interest.   

 
Figure 1. DC Magnetron Sputtering Process [8] 

The DC magnetron sputtering process places the substrate material to be coated, 

as well as a “target” material, which will be applied to the surface, in a high vacuum.  An 

inert gas, such as Argon, is passed across the target material while a direct current electric 

charge is applied to the target and substrate.  This electric charge ionizes the argon gas.  

The Argon ions are then attracted to the target material by the magnetic field created by 

the electric charge, and strike the target.  The impact causes atoms of the target material 

to become dislodged, and travel to the substrate material.  The dislodged atoms will 

adhere to the substrate material, creating a coating.  This process is very effective for 

creating coatings using conductive, metallic materials, such as copper, silver, or titanium.  
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Using this method, it is also possible to create ceramic coatings, such as Titanium 

Nitride.  This is achieved by introducing nitrogen gas to the chamber during the coating 

process.  The titanium atoms, as they are travelling to the substrate, will react with the 

nitrogen gas and form the nitride.  This process may be used to reliably coat a variety of 

substrate materials, from aluminum and steel, to glass, to various polymers [9].  Coatings 

may be applied as a single, uniform layer, or multiple materials may be used to create 

multilayer coatings. The size of the layers has a strong impact upon the physical 

properties of the thin film [10,11]. Additionally, the parameters used in the creation of the 

film have an impact on the physical properties.  The machine parameters, including 

sputtering power, substrate temperature, bias voltage, process time, and flow rates of the 

process gasses can all be adjusted to modify the properties of the final product [12].   

Thin films are currently being widely studied, for a variety of purposes.  Certain 

film materials are being examined as options to help mitigate damage to polymers due to 

ultraviolet radiation, with varying degrees of success.  Many of these studies look to use 

transparent films of materials such as titanium oxide, at scales of less than 100 

nanometers to protect substrate materials, such as polypropylene, from UV radiation [4].  

Other studies look to use thicker, opaque coatings to achieve similar goals.  A more 

common use of thin films is to improve the mechanical properties of substrate materials.  

Namely, researchers are investigating a wide variety of coating materials to improve 

surface characteristics such as hardness and erosion wear resistance [13,14,15,16]. 
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Erosion  

Erosion is the mechanical process in which material is removed or displaced from 

a surface due to some, usually repeated, impact or motion.  Erosion caused by small 

particles is a serious concern for a variety of industries, including aerospace and the oil 

and gas industry [17].  Erosion wear is frequently seen in slurry pipelines, where 

significant wear could cause dangerous and costly equipment failures [18].  Erosion wear, 

and the prevention of it, is the focus of a large amount of active research, due largely to 

the importance to the industrial sector, and partly due to the complex nature of erosion.  

A complete, accurate, model of erosion wear is not currently available.  However, two 

primary modes of wear have been identified: cutting and displacement.  These modes 

may also be known as “brittle erosion” and “ductile erosion,” respectively.  In brittle 

erosion, impacts by the eroding substance create and propagate micro cracks parallel to 

the surface.  As the cracks expand due to subsequent impacts, some of the material may 

break off and be carried away.  In the second mode of erosion, deformation, some of the 

target material may be moved laterally by impacts.  This displacement may then make it 

more susceptible to future impacts, which may cause it to break off and be carried away 

[19].  The primary mode of erosion a material will experience depends both on the 

physical properties of the material, as well as the angle of impact, as shown in figure 2. 
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Figure 2. Ductile and brittle erosion rates, dependent on impact angle [20] 

Previous research has shown that impact at a shallow angle tends to cause erosion 

through the ductile mode of material displacement, while more direct angles of incidence 

tend to cause cracks and erosion through the brittle mode.  This phenomenon seems to 

hold true for metals as well as polymers.  The specific class of polymer does have a 

significant impact on the mode of erosion the material will see.  In general, thermoplastic 

and elastomers exhibit ductile erosion behavior, while thermoset polymers tend to 

experience brittle erosion [21]. 

Due to its complex nature and large number of influencing factors, it is very difficult 

to find an equation capable of predicting the erosion wear of a material [22].  Some 

attempts have been made to quantify erosion.  Some previous research has examined a 

parameter called “erosion efficiency” to characterize the primary mode of erosion in 
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polymers.  This parameter attempts to describe the quantity of material displaced through 

ductile erosion compared to the amount of material carried away through brittle erosion 

[23].  This parameter also attempts to relate the hardness of the polymer to the 

mechanism of erosion [22].  Erosion research is being conducted on a large variety of 

materials.  Materials ranging from metallic [24,25] and ceramic [26], to the polymers 

mentioned previously.  Several thin film coatings are being examined to possibly 

improve the wear resistance of materials [27,28], and numerous fiber reinforced 

composites are being examined [29-33], as these materials are finding increasing use in 

many industries.  Most of the research is being conducted using the solid particle 

impingement method, in which an eroding material, usually sand or alumina powder, is 

suspended in a fluid, usually water or air.  This mixture is then fired in a pressurized 

stream at the target material.  A number of parameters, including the fluid pressure, flow 

rate, and particle concentration affect the results, in addition to the normal test parameters 

such as angle of impact and distance from the nozzle to the target.  Some research has 

been done to examine if flow characteristics, such as the Stokes number, affect erosion 

rate [34].  Usually, the erosion rate is characterized by measuring the mass loss of the test 

sample.  This method, however, may be inaccurate as some particles of the eroding 

material may become embedded in the target [35,36,37].  Additional methods of 

analyzing erosion wear include volume loss measurements, surface morphology [38], and 

surface roughness changes [26].
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CHAPTER 2 

EROSION MODELS AND EQUATIONS 

Many have attempted to derive erosion equations both theoretically and empirically.  

Most have developed empirical correlations based on experimental data.  Unfortunately, 

in most cases the correlations are only valid for that set of conditions of testing.  Often 

with theoretical expressions, the set of governing equations used are simplified to the 

degree that they no longer capture the necessary information to fully express the process.   

The model developed by Finnie [39] is considered to be the original mathematical 

model for predicting erosion on ductile materials [40].  Finnie developed this method 

using high speed photographic techniques in order to measure the velocity of the eroding 

particles.  The model, shown in equation 1 [39, 40], suggests the properties of the eroding 

particle, such as size, hardness, and roughness are relevant.  The erosion loss, E, is 

defined as: 

𝐸 = 𝐶𝑓(𝛽1)
𝑀𝑉1

2

𝑝
        (1) 

where: 

V1 = Eroding particle velocity 

M = Eroding particle mass 

𝑓(𝛽1) = Function of the incidence angle, 𝛽1 

p = minimum flow stress of target material 

C = Empirical system specific constant
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This model does face some notable problems.  This model tends to struggle with 

predicting the erosion rate for a normal incidence case.  Additionally, Finnie’s model is 

designed to simulate ductile materials, and does not predict the erosion of brittle targets 

[40]. 

A number of researchers have used Finnie’s model as a starting point, seeking to 

create a more accurate model.  One of these models, developed by Grant and Tabakoff 

[40], focused on refining the Finnie model for predicting erosion on aluminum alloy 

targets.  This model defines the erosion rate, E, as: 

𝐸 = 𝐾1𝑓(𝛽1)𝑉1
2 cos2 𝛽1(1 − 𝑅𝑇

2) + 𝑓(𝑉1𝑛)              (2) 

where: 

𝑅𝑇 = 1 − 0.0016𝑉1 sin 𝛽1               (3) 

𝑓(𝛽1) = [1 + 𝐶𝐾(𝐾12 sin 2𝛽0)]2          (4) 

𝑓(𝑉1𝑛) = 𝐾3(𝑉1 sin 𝛽1)4              (5) 

 

The constants 𝐾1, 𝐾12, and 𝐾3 are empirical constants depending on the eroding 

particles and the target material.  The value 𝛽1 is defined as the impact angle in radians, 

while  𝑉1 is the particle velocity.   

Bitter [46,47,48] proposed a way of calculating that the volume lost is a 

combination of plastic deformation and material due to cutting. 

𝑉𝑜𝑙𝐷 =
1

2

𝑚(𝑈 sin 𝜃−𝑈𝑡𝑠ℎ)2

𝜀
,      (6) 
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where Utsh is the threshold velocity below which deformation is negligible and  

is the deformation wear factor.  The threshold velocity can be found using Hertzian 

contact stress theory, 

𝑈𝑡𝑠ℎ =
1.54 𝜎𝑦

5/2

√𝜌𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒
[

1−𝜈𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒
2

𝐸𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒
+

1−𝜈𝑡𝑎𝑟𝑔𝑒𝑡
2

𝐸𝑡𝑎𝑟𝑔𝑒𝑡
]     (7) 

where y is the elastic limit,  is the density,  is Poisson’s Ratio, and E is the 

Elastic Modulus for both the particle and the target.  They then calculate the volume loss 

as 

𝑉𝑜𝑙𝐶 =
2𝑀𝐶′(𝑈𝑠𝑖𝑛𝜃−𝑈𝑡𝑠ℎ)2

√𝑈𝑠𝑖𝑛𝜃
(𝑈𝑐𝑜𝑠𝜃 −

𝐶′(𝑈𝑠𝑖𝑛𝜃−𝑈𝑡𝑠ℎ)2

√𝑈𝑠𝑖𝑛𝜃
𝜙𝑐) 𝑓𝑜𝑟 𝜃 ≤ 𝜃0      (8) 

𝑉𝑜𝑙𝐶 =
𝑀(𝑈2𝑐𝑜𝑠2𝜃−𝐾1[𝑈𝑠𝑖𝑛𝜃−𝑈𝑡𝑠ℎ]3/2)

2𝜙𝑐
𝑓𝑜𝑟 𝜃 > 𝜃0    (9) 

where c is a material dependent wear factor obtained experimentally and C′ and 

K1 are constants depending on material properties.  The total volume lost then would be a 

combination of the two volumes  

𝑉𝑜𝑙𝑡𝑜𝑡𝑎𝑙 = 𝑉𝑜𝑙𝐶 + 𝑉𝑜𝑙𝐷     (10) 

This work was later simplified by Neilson and Gilchrist [48,49].  This model 

simplified Bitter’s work by using a simplified ductile erosion assumption and using 

Bitter’s model for brittle erosion.  This resulted in the following equations: 

𝑉𝑜𝑙𝑡𝑜𝑡𝑎𝑙 =
𝑀𝑈2𝑐𝑜𝑠2𝜃

2𝜙𝑐
+

𝑀(𝑈𝑠𝑖𝑛𝜃−𝑈𝑡𝑠ℎ)2

2𝜀
𝑓𝑜𝑟 𝜃 ≥ 𝜃0    (11) 

𝑉𝑜𝑙𝑡𝑜𝑡𝑎𝑙 =
𝑀𝑈2𝑐𝑜𝑠2𝜃𝑠𝑖𝑛(𝑛𝜃)

2𝜙𝑐
+

𝑀(𝑈𝑠𝑖𝑛𝜃−𝑈𝑡𝑠ℎ)2

2𝜀
𝑓𝑜𝑟 𝜃 ≤ 𝜃0        (12) 
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Arabnejad, et al. [22] were able to derive equations of motion of a particle as it 

makes contact with a ductile surface along a 2-D surface. Using Newton’s second law 

and balancing the forces in the x and y direction, they derive an equation that describe the 

motion of the particle as it makes contact with the surface and physically moves material 

out of the way on the surface.  The solution to the set of equations gives the displacement 

in the x and y direction of the material along the surface which can be integrated to 

calculate the volume of material removed. 

𝑉𝑜𝑙𝐶 =
𝑚𝑈2 sin 𝜃(2𝐾 cos 𝜃−sin 𝜃)

2𝐾2𝑃
, 𝑓𝑜𝑟 𝜃 ≤ tan−1 𝐾       (13) 

𝑉𝑜𝑙𝐶 =
𝑚𝑈2 cos 𝜃2

2𝑃
, 𝑓𝑜𝑟 𝜃 > tan−1 𝐾        (14) 

Where m is the mass of the particle, P is the flow pressure for the annealed 

material which is related to the hardness, U is the velocity of the particle,  is the impact 

angle, and K is a value that can be experimentally determined and depends on the shape 

of the particle and deformation properties of the material being eroded.  Finally, an 

erosion rate can be determined either by using the VolC removed from the surface or the 

combination of the two volumes, VolC and VolD. 

𝐸𝑅 [
𝑘𝑔

𝑘𝑔
] = 𝐹𝑠𝜌

𝐶𝑉𝑜𝑙𝑐+𝑉𝑜𝑙𝐷

𝑚
             (15) 

Where Fs is the sharpness factor of the particle,  is the density, and C is another 

coefficient to account for the multiple impacts at one spot. 

The Stokes number, defined in equation 16, characterizes the behavior of particles 

suspended in fluid flow: 
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𝑆𝑡 =
𝜏𝑝𝑈

𝐷
           (16) 

where U represents the exit velocity, D represents the nozzle diameter, and 𝜏𝑝 is 

the characteristic time of the particle. This characteristic time can be defined in terms of 

the particle density, 𝜌𝑝, the particle diameter, 𝑑𝑝, and the fluid viscosity, 𝜇𝑓, using the 

equation: 

𝜏𝑝 =
𝜌𝑝𝑑𝑝

2

18𝜇𝑓
              (17) 

The Stokes number of the flow will influence the trajectories of the particles, as 

shown in figure 3 

 
Figure 3. Particle trajectories in various Stokes number flow conditions [34] 

As the figure indicates, in a low Stokes number flow, the particles tend to be 

entrained by the fluid, causing them to spread out and impact the surface at an angle, 

whereas the particles in the high Stokes number flow tend to hold their exit trajectory and 

impact the surface at a normal angle [34].  This effect is difficult to predict, however, as 

the Stokes number formula is inaccurate for highly non-spherical particles, such as sand 
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[45].  Previous researchers have analyzed the flow conditions for a number of jet 

impingement erosion tests and determined that the majority of studies feature a Stokes 

number between 1 and 40.  This range is considered low Stokes number flow, suggesting 

that the particles used in these published studies are entrained by the fluid [34].   

Frosell, et al. [34] attempt to relate the concentration of slurry for glass beads 

impacting acrylonitrile butadiene styrene (ABS) to the erosion rate by using a power law 

type equation, 

𝐸𝑅 =
∆𝑚𝑙𝑜𝑠𝑠 𝑜𝑓𝑐𝑜𝑢𝑝𝑜𝑛

𝑀𝑡𝑜𝑡𝑎𝑙 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠
=

𝐶

𝜑𝛼,     (18) 

where ER is the erosion rate which is the ratio of the mass loss of the coupon 

tested to the total mass of the particles pumped.  This quantity is equal to some constant, 

C, which is based on other parameters of the test,  a volumetric ratio of the particles 

within the slurry, and the exponent  is experimentally determined.  
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CHAPTER 3 

MATERIALS AND EXPERIMENTAL METHODS 

Plasma Deposited Coatings 

The coated samples will be created by magnetron sputtering, a form of physical 

vapor deposition.  This process involves placing the substrate materials in a vacuum 

chamber, where they will be coated by a target material.  The coatings tested in this 

research were created using the Nano 36 vacuum coating machine by Kurt J. Lesker 

Company, shown in figure 4. 

 
Figure 4. Nano 36 Vacuum Coating Machine [41]
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With the sample secured within the vacuum chamber, the air is removed from the 

chamber.  At first, the roughing pump, in this case, the Edwards nXDS series dry scroll 

pump, shown in figure 5, is used to create a vacuum on the order of 10-3 Torr. 

 
Figure 5. Edwards nXDS Series Dry Scroll Pump [41] 

From this point, the turbopump can take over to bring the system down to ultra-

high vacuum levels.  The turbopump features several layers of turbine blades rotating at 

very high speeds, as shown in figure 6.   

 
Figure 6.  Inner Section of Turbopump [42] 
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This highly efficient pump is able to bring the system to the desired base pressure 

necessary to begin the magnetron sputtering process, on the order of 10-6 Torr.  The 

pressure inside the chamber throughout the process is monitored through the use of a 

Bayard-Alpert gauge.  This gauge is a hot-filament ionization pressure gauge. The 

Bayard-Alpert gauge operates by ionizing gas molecules and collecting these ions on a 

thin ion collector wire.  A diagram of the Bayard-Alpert system is shown in figure 7. 

 
Figure 7.  Diagram of Bayard-Alpert Gauge [43] 

The heated filament acts as the cathode, ionizing gas molecules.  The negatively 

charged electrons travel toward the anode wire grid, where they pass into the space 

enclosed by the grid.  Once within this space, they interact with gas molecules, creating 

positive ions. These positive ions are collected by the grounded ion collector at the center 

of the grid.  The rate at which ions are collected is measured as an electric current.  It can 

be shown that the rate at which positive ions are created is directly proportional to the 
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density of molecules within the volume of the gauge, for pressures below 10-3 Torr.  The 

implication of this is the Bayard-Alpert gauge allows for a linear measurement of the 

pressure for low pressures, allowing it to be a very accurate continuous pressure gauge 

[43].   

Using the Bayard-Alpert gauge, it is possible to determine when the desired base 

pressure has been reached, and is stable.  When attempting to coat polymers, there is a 

concern for a process known as outgassing.  Polymers can have small pockets of air 

trapped below the surface, and when placed in a very high vacuum, these pockets of air 

can rupture.  This process can not only affect the surface of the material, but will cause 

minor changes in the pressure within the chamber.  When coating polymers, it may be 

necessary to wait for any outgassing to complete before continuing with the coating 

process.  

Thin Film Coating Procedure 

Once the vacuum is achieved, a small amount of Argon gas is pumped into the 

chamber.  By introducing an electric field, the argon gas is ionized and forms a plasma.  

The electric field used to create the plasma also creates a magnetic field, causing the 

charged argon ions to accelerate toward a sputtering target which can be made of high 

purity titanium or copper.  The impact of the argon ions on the target will cause some of 

the target atoms to become dislodged.  These dislodged atoms will then accelerate toward 

and strike the substrate material.  As more of these target atoms strike and adhere to the 

substrate, a thin film coating is formed.  If another process gas is introduced to the 

chamber during the coating process, such as nitrogen gas, the atoms of the target material 



19 

 

 

 

will react with this process gas as they travel toward the substrate.  The result of this 

chemical reaction is a nitride coating being deposited on the substrate.  The 

stoichiometric properties of the coating can be adjusted by modifying the flow rates of 

the two process gasses used in the production of the coating.  For example, when creating 

titanium nitride coating, the flow rates of the relevant process gasses, as well as the other 

process parameters used in the preparation of the coatings are shown in table 1. This 

recipe can vary for different targets and has to be determined experimentally and verified 

with other measurement techniques such as X-ray Diffraction. 

Table 1. Process parameters for DC magnetron sputtering process 

X-ray Diffraction 

X-ray diffraction is a materials investigation process capable of measuring the 

atomic crystalline structure of a material.  Developed in the early 1900s, the process is 

based on Bragg’s law, and the idea of wave interference in X-ray beams.  The X-ray 

Diffraction equipment used in this research is shown in figure 8. 

Base Pressure 

(Torr) 

Working 

Pressure (Torr) 

Target Power 

(W) 

Argon Flow 

Rate (sccm) 

Nitrogen Flow 

Rate (sccm) 

9x10-6 2.5x10-3 175 40 5 
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Figure 8. X-Ray Diffraction Equipment. Usage courtesy of Georgia Institute of 

Technology 

As an incident beam of X-rays interacts with the atomic planes of the material, the 

material will scatter the beam of the X-rays.  The scattered X-rays will interfere with each 

other, either constructively or destructively, depending on the diffraction angle of the 

atomic plane they interact.  The location and intensity of the diffracted X-ray waves will 

be measured.  The constructive and destructive interference of the waves will create 

regions of high intensity and regions of low intensity at various angles.  The location of 

these high intensity peaks can then be examined to determine the crystalline plane 

structure of the material as each material will have a unique combination of intensity 

peaks.   
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Scanning Electron Microscope 

The Scanning Electron Microscope, or SEM, is a microscopy technique allowing 

for a detailed examination of the surface of a material.  The scanning electron microscope 

operates by scanning the surface of the sample with a focused beam of electrons.  An 

example of the scanning electron microscope equipment used in this research is shown in 

figure 9. 

 
Figure 9. Scanning Electron Microscope. Usage courtesy of Georgia Institute of 

Technology 

In one common mode of operation, the beam of electrons will excite the atoms 

along the surface of the sample, causing them to emit some secondary electrons.  These 

secondary electrons may then be collected by the detector, creating a detailed image of 

the topography of the sample surface.  It is also possible to determine information about 

the chemical composition of the sample through the scanning electron microscope 

process.  
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Impingement Erosion Testing 

The erosion wear behavior of each of these materials will be tested by the method 

of water jet solid particle impingement.  The materials will be impacted by a pressurized 

mixture of sand and water.  The apparatus used to perform this test, known as the Pipe 

Erosion Test Model (PETM), is shown in figure 10.   

 
Figure 10.  Pipe Erosion Test Model 

The device, designed and constructed by a group of Mercer University 

Engineering undergraduate students, will allow erosion testing to be performed with 

control over testing parameters such as sand concentration or sand added, flow rate, 

impact velocity, and impact angle.  The device was designed to simulate the kind of solid 



23 

 

 

 

particle impacts that occur during fracturing or production of oil/gas wells. A schematic 

of the test setup can be illustrated via figure 11. 

 
Figure 11. Test Schematic 

 Water is circulated from the large stainless steel tank by a double diaphragm 

pump which is powered by the buildings’ air pressure.  This water is mixed with a 

concentration of sand/water mixture in the large hopper/container on the top of the test 

fixture and forced through a ceramic nozzle.  The sand/water mixture is moved through 

the nozzle via fluid pressure and a motor/auger system that ensures that there is no 

possibility of clogging of the nozzle and uniform flow is exiting the nozzle throughout 

the duration of the experiment. 

As a slurry of sand and water flows through a pipe at high velocities, particularly 

around pipe bends, the inertia of the sand particles suspended in the fluid will cause 
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particles to impact the side wall of the pipe.  The angle and velocity of the impacts 

strongly depends on both the geometry of the pipe, as well as the flow conditions, such as 

velocity and Reynolds number [18].  Computational fluid dynamics packages can be used 

to simulate flows and provide an idea for the angle and velocity of an impact for a 

particular flow case.  Figure 12 shows the results of a CFD simulation, revealing how the 

diameter of a particle affects where the greatest erosion will occur in a 90° bend, while 

figure 13 shows how varying bend angles affect the velocity of the flow.   

 
Figure 12. Particle trajectories of pipe bend with varying particle diameters [18] 
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Figure 13. Flow field of pipe bends with varying bending angles [18] 

The PETM equipment allows researchers to recreate the flow scenarios within a 

controlled environment.  Figure 14 shows a sample test configuration.  The test sample is 

placed a certain distance below a nozzle from which the sand and water mixture flows.  

 
Figure 14. General Impinging Jet Configuration [34] 
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The nozzle used in the PETM features a ceramic sand blasting nozzle, similar to 

those shown in figure 15.  These nozzles are rugged and the inside diameter and varies 

from 4mm to 10 mm in increments of 2mm to increase or decrease flow exits velocities.   

 
Figure 15. Ceramic Sand Blasting Nozzles 

In this study, the test sample is placed 51mm from the nozzle, indicated by H in 

the diagram, figure 14. The flow rate of the sand and water mixture can be set by 

adjusting the water pressure.  This adjustment is made by adjusting the inlet air pressure 

by using a regulator on the pneumatically operated double diaphragm pump.  A selection 

of pump pressures, with their respective volumetric flow rates is shown in table 2.  

Table 2. Pump Pressure to Velocity Chart 

 

Pump 

Pressure 

(psi) 

Volumetric Flow 

Rate (gal/min) 

Velocity of Fluid 

exiting nozzle 

(ft/sec) 

Velocity of Fluid 

exiting nozzle 

(m/sec) 

40 3.66 61 18.7 

50 4.10 69 20.9 

60 4.50 75 22.9 

70 4.86 81 24.8 

80 5.20 87 26.5 

90 5.51 92 28.1 

100 5.81 97 29.6 
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These volumetric flow rates were determined experimentally and by using these 

measured flow rates, along with the known nozzle diameter of 4mm, the velocity of the 

fluid exiting the nozzle can be calculated. 

For other pressures, the flow rate of a fluid through a nozzle can be predicted 

using the following equation, taken from Munson, et al. [44]: 

𝑄 = 𝐶𝑛𝑄𝑖𝑑𝑒𝑎𝑙 = 𝐶𝑛𝐴𝑛√
2(𝑝1−𝑝2)

𝜌(1−𝛽4)
       (19) 

where Q represents the flowrate of fluid through the nozzle, and 𝐶𝑛 is the “nozzle 

discharge coefficient,” accounting for viscous effects.  𝑄𝑖𝑑𝑒𝑎𝑙 represents the flowrate 

through a nozzle assuming no viscous effects, and may be calculated by using the 

pressure drop, p1-p2, at the nozzle, , the density of the flowing fluid, and  is the area 

ratio between the inside of the nozzle and the area that the fluid is being discharged, 0.   

For the test equipment used in this research, the discharge coefficient was determined 

experimentally to be 0.8.  The predicted flow rates and exit velocities for various pump 

pressures along with the Stokes’ number can be found in appendix A.  

The angle of impact can be adjusted by using one of several metal plates bent to 

the angles of 30o, 45o, 60o, and 90o from the vertical axis.  These plates are attached to the 

specimen holder, shown in figure 16, and the test sample is secured to the metal plate for 

the duration of the test.  In this study, all tests will be done at 90o from the vertical axis.  

Future studies will examine other angles in order to build the set of curves needed for a 

correlation. 
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Figure 16. Specimen Holder 

The sample is weighed both before and after the erosion test to determine the 

mass loss.  A precision mass balance, such as the one shown in figure 17, is used for 

these measurements.  The balance must have a resolution of 10-4 grams to accurately read 

the mass loss of the test samples. 

 
Figure 17. Precision mass balance used to measure mass loss during testing 
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By measuring the quantity of sand used in the test, it is possible to determine the 

erosion rate of the material.  The sand used during testing was typically measured using 

volume.  This was done due to the fact that since the sand is reused, the mass of the sand 

used in the tests would also include the water from it being wet.  However, by 

experimentally measuring the mass of dry sand at the volumes used during testing and 

then comparing to wet sand at the same volume once all of the water is evaporated 

resulted in similar mass measurements.  Throughout testing the following sand volume 

and sand masses are used. 

Table 3.  Sand Volume to Mass Conversion 

The results of the tests can be presented either by the mass loss of the material 

after erosion or via the erosion rate where the erosion rate is determined by the mass loss 

of the material divided by the mass of the sand used in the test.   

By varying the quantity of sand used in the test, it may be possible to determine a 

regression relating the erosion rate to the quantity of sand. This study started with a 

minimum of 1000 ml of sand which corresponds to 1535 grams.   Previous researchers, 

Harsha and Jha [32], conducted studies to determine when the steady state erosion rate 

was occurring with a sand/water mixture.  This was done by running tests with clean 

Volume of Sand per test (mL) Approximate Mass of Sand per Test 

(grams) 

1000 1535 

1500 2303 

2000 3070 
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samples in 5 minute intervals with very small quantities of sand.  After about 400 grams 

of testing with silica sand, a steady state erosion rate was achieved.  Hence with our 

testing, we are well beyond that threshold using sand quantities in the thousands of 

grams. 

Erosion Test Procedure 

The experimental procedure is shown below: 

• Using material provided, test hardness in a few locations  

• Cut samples to correct size for testing 

• Label sample with unique identification number 

• Thoroughly clean and dry material 

• Obtain mass/weight of sample using scale pre-experiment 

• Place sample on sample holder at desired angle 

• Fill setting tank with water 

• Connect Air to Pump and set air pressure to test value 

• Circulate water through PVC lines with sand hopper isolated from main line at 

low rate 

• Load desired amount of sand into sand hopper 

• Replace top seal of sand hopper and open relief valve at the top of the hopper to 

allow air to escape while filling with water 

• Fill hopper with water until water comes out of relief valve and then close. 

• Set valves in proper test position and circulate water only 

• Initialize motor from control box 

• Open valve that isolates the sand/water slurry mixture from main line 

• Turn on motor and set at predetermined RPM for test 

• Run test until sand is completely out of sand hopper ( 0 to 15 minutes) 

• Remove sample and label with date, time, and orientation  

• Flush system completely 

• Dry sample and obtain weight/mass on scale 

• Attempt to measure the dimensions of the eroded piece 

• Repeat test at least three times per sample to determine uncertainty associated 

with measurement 
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Hardness Testing Procedure 

The hardness of each material was measured using the Rockwell Hardness Test.  

The sample to be tested is loaded into the hardness tester, shown in figure 18, where an 

indenter of a certain shape and dimension is pressed into the material.  

 
Figure 18. Rockwell Hardness Tester 

The sample is indented with a specific preload force.  The position of the indenter 

after the application of the preload, or minor load, becomes the zero reference point for 

the test.  From this point, a major load is applied to the indenter, the intensity of which 

varies depending on the Rockwell scale standards.  The major load is then removed, 

allowing some elastic recovery of the material.  The displacement of the indenter before 

and after the major load is applied is used to calculate the Rockwell hardness.  The 
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materials used in this research were tested using the Rockwell B, C, L, and M scales.  

The details of each of these tests are shown in table 4. 

Table 4. Rockwell Hardness Test Standards [50] 

The Rockwell C scale is best suited for hard materials such as heat treated steel.  

The Rockwell B scale is more appropriate for metals such as normalized steel or 

aluminum. The Rockwell L and M scales are more appropriate for soft materials such as 

plastics [50].

Scale Symbol Indenter Load (kgf) 

B 1/16” Ball 100 

C Diamond 150 

L 1/4” Ball 60 

M 1/4” Ball 100 
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CHAPTER 4 

RESULTS AND DISCUSSIONS 

This project examines the erosion wear behavior of a variety of materials.  The 

materials tested can be grouped based on their classification of metallic, polymer, or 

composite.  Two metallic materials were examined for comparison.  These materials are 

6061 Aluminum and Normalized 4140 Steel.  The material properties for these materials 

are shown below.  

Table 5. Material Properties of Tested Metals [53] 

In addition, a selection of six “neat” polymers were examined.  These polymers 

are: high density polyethylene (HDPE), high impact polystyrene (HIPS), polypropylene 

(PP), Polyvinyl chloride (PVC), polycarbonate (PC), and epoxy resin. The material 

properties of each of these polymers are listed below.

 Tensile 

Strength 

(Average) 

Yield 

Strength 

(Average) 

Elastic 

Modulus 

Shear 

Modulus 

Poisson's 

Ratio 

Hardness 

(Brinell) 

Steel 4140 

(Normalized) 

1020 MPa 655 MPa 207 GPa 80 GPa 0.30 302 

Aluminum 

6061 T4 

207 MPa 110 MPa 71.1 GPa 26.2 GPa 0.333 65 
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Table 6. Material Properties of Tested Polymers 

A variety of composite materials and coatings are also examined.  These 

composite materials will be compared to a sample of the unmodified matrix material to 

determine the effects of adding the composite material.  This includes materials added 

internally to the matrix such as glass beads, aluminum oxide, and carbon reinforced 

fibers, as well as thin coating applied externally using vapor deposition.  The carbon 

reinforce fibers are tested with the fibers oriented along the length of the cut of the 

material and perpendicular to the cut of the material.  This is coined the layup of the fiber 

with 0o being aligned with the cut and 90o being perpendicular to the cut.  The materials 

tested are listed in table 7. 

 

 

  Tensile 

Strength 

(Average) 

Flexural 

Strength 

(Average) 

Yield 

Strength 

(Average) 

Elastic 

Modulus 

Rockwell 

Hardness 

L Scale             

(R Scale) 

Polypropylene 33.1 MPa 

[55] 

48.3 MPa 

[55] 

32.0 MPa 

[54] 

1.34 GPa 

[55] 

77.6 (106.2) 

PVC 46.3 MPa 

[54] 

88.3 MPa 

[56] 

51.7 MPa 

[56] 

2.83 GPa 

[56] 

93.9 (117.6) 

Polycarbonate 65.5 MPa 

[57] 

93.1 MPa 

[57] 

62.1 MPa 

[57] 

2.34 GPa 

[57] 

97.8 (123.8) 

HD 

Polyethylene 

31.7 MPa 

[58] 

62.5 MPa 

[54] 

26.3 MPa 

[54] 

1.08 GPa 

[54] 

26.3 (74.2) 

HI Polystyrene 27.6 MPa 

[59] 

71.5 MPa 

[54] 

32.6 MPa 

[54] 

2.78 GPa 

[54] 

60 (94.4) 

Epoxy  48.2 MPa 

[54] 

75.1 MPa 

[54] 

 2.41 GPa 

[54] 

100.5 (118.7) 
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Table 7.  Tested Composite Materials 

In order to determine that the thin film coated materials have the anticipated 

coating on them, X-Ray Diffraction was performed.  The X-Ray Diffraction (XRD) data 

is collected for each of the coatings by simultaneously depositing on glass substrates with 

the epoxy samples. XRD analysis indicate that after coating, both the copper and titanium 

nitride coupon’s detected peaks are near the indexed values for the respective reflection 

planes shown in figures 19 and 20 [51,52].   

Material Type Material Name Notes 

Fiber Composite Carbon Fiber Reinforced Epoxy 0° layup 

Fiber Composite Carbon Fiber Reinforced Epoxy 90° layup 

Particle Composite  Aluminum Oxide Epoxy 5% concentration 

Particle Composite Aluminum Oxide Epoxy 10% concentration 

Particle Composite Glass Beads Epoxy Composite 5% concentration 

Particle Composite Glass Beads Epoxy Composite 10% concentration 

Thin Film Copper Coating, Epoxy Substrate 800 nm thickness 

Thin Film Titanium Coating, Epoxy Substrate 800nm thickness 

Thin Film Titanium + Titanium Nitride dual layer 

coating, Epoxy Substrate 

400nm Ti + 400nm 

TiN 
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Figure 19. XRD graph of Copper on Epoxy 

 
Figure 20. XRD graph of Titanium Nitride  

To determine the number of experiments used in this study, the following list of 

possible experiments are shown: 
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• Angle of  Impact: 30o, 45o, 60o, and 90o from the vertical axis of the nozzle 

• Material Types (Tables 5, 6 and 7) 

• Sand Volume Added: 100 mL to 10,000 mL 

• Sand Mass Added: 1,550 grams to155 kilograms 

• Air Pressure: 40 psi (2.76 bar) to 100 psi (6.89 bar) 

• Exit Velocity: 61 to 97 ft/sec or 19 to 30 m/sec 

• Nozzle Size: 4mm, 6mm, or 8mm ceramic used for sand blasting applications 

 

Each test would need to be repeated at least three to four times.  Therefore, with the 

variables listed the number of permutation to complete this test matrix results in tens of 

thousands of tests which is well beyond the scope of one student’s thesis. So the test 

matrix was simplified to run tests for one case of pressure, one nozzle diameter, and one 

angle of impact.  Hence each test was conducted with a water pressure of 5.52 bar which 

corresponds to about 27 m/sec exit velocity with a 4 mm diameter nozzle and at 90o from 

the vertical. 

The rest of the initial test matrix is shown below: 

• Angle of Impact: 90° from the vertical axis of the nozzle 

• Material Type: Listed in Tables 5, 6, and 7  

• Sand Volume Added: 1,000 mL, 1,500 mL, and 2,000 mL 

• Sand Mass Added: 1,550 grams. 2300 grams, and 3100 grams 

• Air Pressure: 80 psi or 5.52 bar 

• Exit Velocity: 87 ft/sec or 26.5 m/sec 

Nozzle Size: 0.157-in or 4mm ceramic used for sand blasting applications 

Mass Loss Studies 

This still results in about 150 tests for this characterization.  Initially, tests were 

performed on aluminum and normalized steel targets.  These materials were tested using 

1000mL/1,550 grams and 2000 mL/3,100 grams of sand, with four trials of each 

configuration.  A summary of these test conditions, along with the measured mass loss 

for each trial is recorded in table 8.  
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Table 8. Results of erosion tests on metallic targets 

The impact of the sand will cause wear scars to form on the surface of the test 

sample.  The depth and geometry of these scars depend on the flow characteristics, the 

angle of incidence, and the material properties of both the sample and the particle.  An 

example of one of these erosion scars, as taken by a digital 3-D non-contact profilometer, 

is shown in figure 21. 

Material Sand Volume Added Trial Number Mass Loss (grams) 

Aluminum 

1000 mL/ 

1,550 grams 

Trial 1 0.0037 

Trial 2 0.00843 

Trial 3 0.00846 

Trial 4 0.01137 

Average 0.00799 

2000 mL/  

3,100 grams 

Trial 1 0.016 

Trial 2 0.01603 

Trial 3 0.0166 

Trial 4 0.01817 

Average 0.0167 

Steel 

1000 mL/ 

1,550 grams 

Trial 1 0.0063 

Trial 2 0.0077 

Trial 3 0.00783 

Trial 4 0.01027 

Average 0.008025 

2000 mL/  

3,100 grams 

Trial 1 0.0138 

Trial 2 0.0152 

Trial 3 0.0154 

Trial 4 0.0173 

Average 0.015425 
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Figure 21. Typical Erosion Scar Images taken from Keyance VR-3000 series 

This is a representative image taking from an aluminum test.  This along with 

direct contact profilometery illustrated that the erosion wear scar is on the order of about 

6 mm with a nozzle of about 5 mm and a distance from the nozzle of about 2 inches or 51 

mm. 

A comparison of the mass loss of steel and aluminum targets, at both 1000 

mL/1,550 grams and 2000 mL/3,100 grams of sand added is shown in figure 22.  This 

chart represents the average mass loss for each set of four trials.   
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Figure 22. Comparison of average mass loss for aluminum and steel at 1000 

mL/1550g and 2000 mL/3100g of sand added 

The test reveals that for 2000 mL/3100 grams of sand, the softer aluminum will 

erode more than the harder steel under similar conditions.  However, the tests show that 

for a smaller quantity of sand, there is no discernable difference between the two 

materials.  This is consistent with previous work that links the hardness of the material to 

the amount of erosion [17-25].  Typically, a harder material will erode less. 

The next set of tests examined the unmodified polymers.  These materials were 

tested at 1000mL/1,550 grams, 1500 mL/2300 grams, and 2000 mL/3,100 grams of sand 

added, with four repetitions in each configuration.  The results of these tests are shown in 

table 9 and figure 23.   
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Table 9. Results of erosion tests on neat polymer materials 

 

Material 
Trial 

Number 

Mass Loss (grams) 

1000 mL/ 1500 mL/ 2000 mL/ 

1,550 grams 
2,300 

grams 

3,100 

grams 

High Density 

Polyethylene 

1 0.0023 0.00512 0.008 

2 0.0039 0.00435 0.0091 

3 0.0043 0.00417 0.0069 

4 0.0032 0.00417 0.0069 

Average 0.003425 0.0044525 0.007725 

High Impact 

Polystyrene 

1 0.0072 0.00872 0.0139 

2 0.0075 0.00931 0.0125 

3 0.0081 0.00926 0.0167 

4 0.0066 0.00766 0.0137 

Average 0.00735 0.0087375 0.0142 

Polypropylene 

1 0.0018 0.00272 0.0029 

2 0.0027 0.0029 0.0021 

3 0.0019 0.0029 0.0048 

4 0.0021 0.00389 0.0062 

Average 0.002125 0.0031025 0.004 

PVC 

1 0.0041 0.0124 0.0079 

2 0.006 0.0113 0.01055 

3 0.0054 0.0128 0.00759 

4 0.0025 0.0119 0.00714 

Average 0.0045 0.0121 0.008295 

Polycarbonate 

1 0.0016 0.0038 0.00216 

2 0.0016 0.0040 0.00232 

3 0.0018 0.0032 0.00265 

Average 0.001666667 0.00367667 0.00237667 

Epoxy 

1 0.0074 0.0121 0.0133 

2 0.0106 0.0132 0.0143 

3 0.0107 0.0147 0.0159 

4   0.0190 0.0225 

Average 0.009566667 0.014745 0.01648925 
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Figure 23. Comparison of mass loss for neat polymer materials at 1000mL, 1500mL, 

and 2000mL sand added, with Rockwell hardness measurements for each material 

This figure provides a comparison between each of the materials of varying 

hardness properties.  The materials within the chart are arranged from softest on the left 

to hardest on the right, as measured by the Rockwell Hardness test, L scale.  The 

polycarbonate, which is the hardest of this set of materials, experienced the lowest 

erosion mass loss for each of the three sand volumes or mass added.  The PVC, however, 

with a hardness measurement very similar to the polycarbonate, experienced a much 

higher erosion mass loss throughout the tests.  This shows that with polymers the erosion 

mass loss may not be just a function of hardness as others have theorized.   
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The next set of tests examined the composite materials and coated materials.  The 

six reinforced polymer composites, and two thin film coated polymers are tested with 

sand volumes added of 1500 mL/2,300 grams, with three repetitions for each material.  

The results of these tests are shown in table 10. 

Table 10. Test results for composite materials at 1500 mL/2,300 grams sand added 

Material 

Trial 

Number 

Mass Loss 

(Grams) Material 

Trial 

Number 

Mass Loss 

(Grams) 

5% 

Aluminum 

Oxide 

1 0.01501 

Ti coating 

800 nm 

1 0.00792 

2 0.01055 2 0.01038 

3 0.00976 3 0.01009 

Average 0.011773333 Average 0.009463333 

10% 

Aluminum 

Oxide 

1 0.00989 Ti+TiN 

coating    

400+400 

nm 

1 0.00959 

2 0.029 2 0.00885 

3 0.0092 3 0.00855 

Average 0.01603 Average 0.008996667 

5% glass 

beads 

1 0.02024 Carbon 

Fiber 

Reinforced, 

0° 

1 0.02961 

2 0.01667 2 0.03075 

3 0.01336 3 0.02746 

Average 0.016756667 Average 0.029273333 

10% glass 

beads 

1 0.01553 Carbon 

Fiber 

Reinforced, 

90° 

1 0.03029 

2 0.01748 2 0.03097 

3 0.01834 3 0.02739 

Average 0.017116667 Average 0.02955 
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Figure 24. Comparison of the average mass loss for composite materials at 1500 

mL/2,300g sand added 

This figure shows that the carbon fiber reinforced epoxy experienced the greatest erosion 

wear out of the group of composites.  It appears that the layup orientation of the fibers 

does not matter for erosion wear at normal incidence, as expected.  The data also shows 

both the 5% and 10% glass bead composites experienced similar levels of erosion.  The 

large variance in the 10% Aluminum Oxide composite makes it difficult to draw 

conclusions from this data.  Therefore, it was examined further at both 1000mL/1,550 

grams, and 2000 mL/3,100 grams of sand with some of the other composites.  The results 

are shown in table 11. 
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Table 11. Test results for composite materials at 1000 mL/1550 grams and 2000 mL/3100 

grams 

 

 

 

 

 

 

 

 

 

Material 
Trial 

Number 

Mass Loss (grams) 

1000 mL/ 2000 mL/ 

1,550 

grams 

3,100 

grams 

Ti coating 

800 nm 

1 0.0094 0.0133 

2 0.0098 0.01733 

3     

4     

Average 0.0096 0.0153 

Cu coating 

800 nm 

1 0.0034 0.0134 

2 0.0051 0.0165 

3 0.0067 0.01753 

4 0.0084 0.019967 

Average 0.0059 0.0168 

5% 

Aluminum 

Oxide 

1 0.0117 0.0106 

2 0.0065 0.0174 

3     

4     

Average 0.0091 0.0140 

10% 

Aluminum 

Oxide 

1 0.0121 0.0161 

2 0.0106 0.0183 

3     

4     

Average 0.0114 0.0172 

Carbon 

Fiber 

Reinforced, 

0° 

1 0.0284 0.038 

2 0.0182 0.0335 

3 0.0158 0.0438 

4 0.0285 0.0397 

Average 0.0205 0.0344 
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Figure 25. Comparison of average mass loss for epoxy based composite materials  

Figure 25 shows that the copper coating and titanium coating offer some 

protection at lower sand added but little to none as the sand amount increases.  The 

internal additives offer small improvements.  Carbon reinforcement again performed the 

worse in regard to erosion. 

It is also important to compare the erosion behavior between different classes of 

materials.  The following figure shows a comparison between the two metallic materials 

and the six unmodified polymers for both 1000mL/1,550 grams and 2000mL/3,100 

grams sand added tests. 

Figure 26 shows that, in general, the polymer materials experienced lower mass 

loss when compared to the metallic materials, with the exception of polystyrene and 

epoxy, which experienced mass loss similar to or greater than those of aluminum and 
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steel.  It is expected that as the velocity is increased, that hardness may become more of a 

dominating factor, but at these velocity the polymers are performing better. 

 
Figure 26. Comparison of erosion mass loss for both polymers and metals at 

1000mL/1,220 grams and 2000mL/3,100 grams sand added 

Another important comparison to view is the comparison between the polymer 

composites and the neat polymers.  The comparison between the mass loss of these two 

classes of materials is shown in figure 27, taken at sand added of 1500 mL/2,300 grams.  
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Figure 27. Comparison of erosion rate of unmodified polymers and polymer 

composites at 1500 mL/2,300 grams sand added 

In general, the neat polymers experienced lower mass loss compared to the 

polymer composites under similar conditions.  The carbon fiber reinforced epoxy 

experienced mass loss on the order of three times greater than the neat polymers.  This 

result agrees with the expected outcome based on the literature review, that composite 

materials will experience greater erosion due to the fracturing of harder materials.  

Interestingly, the coated polymers experienced a mass loss similar to that of PVC and 

polystyrene.   
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Erosion Rate Studies 

The sand concentration for each test can be determined by using the following 

equation, 

𝑆𝑎𝑛𝑑 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 , 𝜑 =
𝑉𝑜𝑙𝑢𝑚𝑒𝑠𝑎𝑛𝑑

𝑇𝑜𝑡𝑎𝑙 𝑉𝑜𝑙𝑢𝑚𝑒𝑤𝑎𝑡𝑒𝑟
,  (20) 

where the total volume represents the liquid volume in the hopper and all of the 

fluid lines during testing. Using these two volumes, the concentration of sand used in 

each test can be calculated. 

Table 12. Sand Volume to Water Volume Concentration 

 The erosion rate can be calculated via the ratio of mass loss of the coupon 

to the total mass of particles pumped, 

𝐸𝑅 [
𝑘𝑔

𝑘𝑔
] =

∆𝑚𝑙𝑜𝑠𝑠 𝑜𝑓𝑐𝑜𝑢𝑝𝑜𝑛

𝑀𝑡𝑜𝑡𝑎𝑙 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠
,     (21) 

And this data can be used to calculate the coefficient C and exponent  shown in 

equation 18.  The C represents a magnitude of the erosion rate while the  gives one an 

indication of the rate at which the erosion rate behaves.  Positive values of a define a 

decreasing erosion rate while negative values of  represent an increasing erosion rate.  

Volume of Sand per 

test (mL) 

 Mass of Sand per 

Test (grams) 

Approximate 

Sand Volume 

Concentration 

1000 1550 0.60% 

1500 2300 0.90% 

2000 3100 1.20% 
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The following tables illustrate the erosion rate as a function of concentration for the 

different materials tested.   

Table 13. Erosion Rate for Metals 

Table 14. Erosion Rate for Polymers 

 

  

Erosion Rate (kg/kg) 

Sand 

Concentration 
0.60% 0.90% 1.20% C 

Steel 3.847E-06 3.644E-06 3.698E-06 1.513E-06 0.19 

Aluminum 4.516E-06 4.138E-06 4.003E-06 1.709E-06 0.19 

Erosion Rate (kg/kg) 

Sand 

Concentration 
0.60% 0.90% 1.20% C 

HDPE 1.642E-06 1.423E-06 1.855E-06 7.863E-06 -0.33 

HIPS 3.524E-06 2.793E-06 3.404E-06 6.774E-07 0.33 

PP 1.019E-06 9.916E-07 9.588E-07 6.153E-07 0.10 

PVC 2.157E-06 2.651E-06 2.900E-06 1.223E-05 -0.33 

PC 7.991E-07 7.596E-07 8.814E-07 3.904E-06 0.19 
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Table 15. Erosion Rate for Composites 

 These can be plotted, figure 28, to show the agreement between the model 

and the data.  Frossell, et al. [34] found that the exponent,  should be on the order of 

0.19 for their tests and using that exponent of 0.19 with Steel and Aluminum test data 

there appears to be good agreement. Here the erosion rate decreases as the concentration 

increases until some limiting value is met.   

Erosion Rate (kg/kg) 

Sand 

Concentration 
0.60% 0.90% 1.20% C 

Epoxy, Neat 5.897E-06 4.259E-06 3.953E-06 2.681E-07 0.60 

Epoxy, 5% 

Aluminum 

Oxide 

2.709E-06 3.763E-06 3.361E-06 6.324E-05 -0.60 

Epoxy, 10% 

Aluminum 

Oxide 

2.574E-06 5.123E-06 3.264E-06 5.034E-05 0.33 

Epoxy, Thin 

Film 800 nm Ti 
4.602E-06 3.271E-06 4.895E-06 4.010E-05 0.5 

Epoxy, CFR, 0° 1.042E-05 9.356E-06 9.289E-06 3.924E-06 0.19 
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Figure 28. Comparison of Erosion Rates for Metals at 26.5 m/sec 

When analyzing HDPE, PVC, and PC, the curves tend to have a different shape, 

figure 29.  The erosion rate tends to gradually increase as the concentration increases 

until a limiting value is met.  The exponent,, tends to converge around a value of -0.33.  

The erosion rate of the PC is again lower than PVC and HDPE. 
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Figure 29. Comparison of Erosion Rate of Select Polymers at 26.5 m/sec 

With PP and HIPS, one can see slightly different behavior as well, Figure 30.  

The erosion rate for PP is nearly constant as it had the best performance of all polymers, 

while with HIPS the erosion rate decreases with increasing concentration which is similar 

to the metals behavior.  To ensure this behavior was correct, additional tests were run at 

2,600 mL or 4,000 grams of sand of about 1.5%.   
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Figure 30. Comparison of Erosion Rate of Select Polymers at 26.5 m/sec 

Figure 31, illustrates the epoxy behavior and epoxy with internal additives.  

Epoxy generally has a decreasing erosion rate similar to the metals; however, when 

embedded with aluminum oxide the erosion rate shows a different trend. It then becomes 

one that has an increasing erosion rate as the concentration is increased.  Even though the 

neat epoxy continues to lose more mass than the composites, the rate at which is losing 

mass is decreasing faster than the composites.  This implies that internal additives may 

help to a degree initially, but there is a limit to the amount of improvement that could 

occur.  The carbon reinforcement provides little in erosion and shows a decreasing trend. 
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Figure 31. Erosion Rates for Epoxy and Epoxy Composites with internal additives 

Figure 32 illustrates epoxy behavior and epoxy behavior with a thin film.  

Titanium coated epoxy behaves similar to neat epoxy with a decreasing trend.  This is 

logical since the coating layer is so small that it wears away and the base behaves the 

same.  However, the copper coated does the exact opposite.  This needs some further 

study as the copper layer may be getting embedded in the epoxy instead of being flaked 

away as with the titanium.   

0.0E+00

2.0E-06

4.0E-06

6.0E-06

8.0E-06

1.0E-05

1.2E-05

1.4E-05

1.6E-05

0.00% 0.50% 1.00% 1.50% 2.00% 2.50% 3.00%

E
ro

si
o
n

 R
a
te

 (
k

g
/k

g
)

Sand Concentration

Epoxy Epoxy Predicted

5% Al2O3 Epoxy 5% Al2O3 Predicted

10% Al2O3 Epoxy 10% Al2O3 Predicted

CFRE 0 degrees CFRE 0 degrees Predicted



56 

 

 

 
Figure 32. Erosion Rates for Epoxy and Thin Film Composites 

Scanning electron microscope (SEM) image of the erosion scar on the copper 

coated epoxy specimen is shown in figures 33 and 34.  Both illustrate discrete impact 

location on the surface. The sand that has been used in this study has been circulated 

through the device many times and has worn so the once highly angular surfaces from 

the crystalline silica are now smoother.  
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Figure 33. SEM image of Copper Coated Epoxy 

 
Figure 34. SEM image of Copper Coated Epoxy 

SEM scans at the impact site, shown in figure 35, highlight the carbon and copper 

content which are due to the epoxy and copper coating, but no silica is present from the 

sand being lodged in the surface.  This is probably due to the cleaning procedure after 
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each test to ensure the mass loss measurements are as accurate as possible.  This leads 

some credence to the theory of the copper being embedded as the SEM scan is showing 

the copper still being present at an impact site. 

 
Figure 35. SEM Scans at the impact site 
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CHAPTER 5 

FUTURE WORK 

The work conducted in this study can be expanded in several ways.  Higher sand 

volume and masses need to be tested to fully valid the curves that have been generated.  

This should be done until the curve reaches its expected limiting value.  Also, more 

experiments will be needed at each discrete data point to allow for outliers to be removed 

from the data set.  With the size of the current data set, one bad test could overly skew the 

results one way or the other.  This could be the reason behind the different shapes of the 

curves when examining the erosion rate.  Once this is fully complete at one angle, then 

the angle of the impact can be varied from 30o, 45o, and 60o from the vertical axis of the 

nozzle to construct erosion curves for the particular material.   

Since this data was acquired at one flow rate, multiple flow rates need to be 

tested.  It is anticipated as the flowrate increases, the erosion rate will exhibit a more 

expected behavior of hardness being a key factor in determining the amount of erosion.  

Currently, this can only be achieved by expanding the test fixtures capabilities.  This 

means a large pump and higher pressure lines to account for the increase in pressure.  

According to calculations, a pump capable of 3 MPa (400 psi) and 45 liters per minute 

(15 gallons per minute) which corresponds to about 3 to 4 horsepower, is needed to test a 

large range of values needed for a more complete study.  Then other permutation of the 
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initial test matrix could continue.  Nozzle distance, nozzle size, erodent type and size, and 

fluid type are just a few examples. 

Finally, further studies could include erosion after weathering effects of the 

composites.  This would include exposing the samples to accelerated environmental 

conditions in a UV test chamber and then testing them to ascertain if there is any effect 

on the erosion characteristic of the materials before and after exposure.
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CHAPTER 6 

CONCLUSIONS 

The erosion mass loss was measured for a wide variety of materials at several 

different sand volumes/masses.  The erosion wear behavior of each of these materials was 

examined using a form of solid particle impingement erosion testing at a normal 

incidence angle. It was found that the composite materials, carbon fiber, aluminum oxide, 

and glass bead reinforced epoxy, experienced the greatest erosion wear.  The 

polypropylene, polycarbonate, and polyethylene samples resisted the erosion wear the 

greatest, despite their relatively low hardness measurements. Surface coatings appear to 

have a limited effect on improving the erosion performance and work better than fillers 

inside of the epoxy matrix.  

The erosion rate behaved differently for some of the materials.  HDPE, PC, PVC, 5 % 

and 10% aluminum oxide additives to epoxy and thin film copper coated epoxy all had 

increasing erosion rates as the sand concentration increases.  While, the metals, HIPS, PP, 

epoxy, carbon reinforced epoxy, and thin film titanium coated epoxy all had decreasing 

erosion rates as the sand concentration increased.  This needs further study and more 

testing to fully develop this conclusion. 

Finally, further testing is necessary to complete the goal of finding a mechanistic 

equation to describe and predict the erosion wear of a composite and polymer materials.  

Testing the materials at different sand levels and adjusting the angle of impact used in 
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tests will provide information to develop a relationship to describe the transition between 

ductile and brittle erosion modes and to develop predictive equations. 
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APPENDIX A 

PIPE EROSION TEST MODEL FLOWRATES AND VELOCITY MEASUREMENTS
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Table A1. Measured time to fill 5-gallon bucket at various pump pressures, nozzle removed 

Table A2. Measured time to fill 5-gallon bucket at various pump pressures, nozzle included 

 

 

 

 
Figure A1. Measured flow rates as they vary with pump pressure.  Regression used to predict 

flow rate at other pump pressures is shown. 

y = 0.0959x + 2.203

y = 0.034x + 2.3

0

1

2

3

4

5

6

7

8

9

10

0 20 40 60 80

Fl
o

w
 R

at
e

 (
ga

l/
m

in
)

Pump Pressure (psi)

Measured Flow Rate of PETM at various pump 
pressures

Without Nozzle

With Nozzle

Pump 

Pressure (psi) 

Time to Fill Five 
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40 50 6 

50 43 6.98 

60 37 8.11 

70 34 8.82 

Pump 

Pressure (psi) 

Time to Fill Five 

Gallon Bucket 

(seconds) 

Flow Rate 

(gal/min) 

40 82 3.66 

50 75 4 
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Table A3. Predicted Flow Rates and Exit Velocity for various pump pressures, and calculated 

Stokes Number for each flow condition: 

 

Particle Density: 2085.85 kg/m3 

Particle Diameters: 

Table A4. Particle Size 

 

 

Nozzle Diameter: 4 mm 

Dynamic Viscosity: 0.00112 Pa*s 

Stokes Number 

      

Smallest largest mean 

Pump 

Pressure 

(kPa) 

Pump 

Pressure 

(psi) 

Predicted 

Flow Rate 

(Liters/min) 

Predicted 

Flow 

Rate 

(gal/min) 

Velocity 

of Fluid 

exiting 

nozzle 

(ft/sec) 

Velocity 

of Fluid 

exiting 

nozzle 

(m/sec) 

85 341 192 275.79 40 13.85 3.66 61 18.7 

95 382 215 344.74 50 15.52 4.10 69 20.9 

105 419 236 413.69 60 17.03 4.50 75 22.9 

113 452 254 482.63 70 18.40 4.86 81 24.8 

121 484 272 551.58 80 19.68 5.20 87 26.5 

128 513 288 620.53 90 20.86 5.51 92 28.1 

135 541 304 689.48 100 21.99 5.81 97 29.6 

182 730 410 1247.95 181 29.68 7.84 131 40.0 

228 912 513 1951.22 283 37.10 9.80 164 50.0 

274 1095 616 2813.06 408 44.52 11.76 197 60.0 

Smallest Largest Average 

0.00042 m 0.00084 m 0.00063 m 
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Sample Stokes Number calculation: For 80psi pump pressure, and average particle size: 

𝜏𝑝 =
𝜌𝑝𝑑𝑝

2

18𝜇𝑓
=

2085.85
𝑘𝑔
𝑚3 ∗ 0.00063𝑚2

18 ∗ 0.00112
𝑘𝑔

𝑚 ∗ 𝑠

=  0.04107𝑠 

𝑆𝑡 =
𝜏𝑝𝑈

𝐷
=

0.04107𝑠 ∗ 26.5
𝑚
𝑠

0.004𝑚
= 272.09 

Sample Predicted Exit Velocity calculation: For 80psi pump pressure: 

𝑈 =
5.20

𝑔𝑎𝑙
𝑚𝑖𝑛 ∗ 231

𝑖𝑛3

𝑔𝑎𝑙
∗

1 𝑚𝑖𝑛
60 𝑠

0.01917 𝑖𝑛2
=

20.02 
𝑖𝑛3

𝑠
0.01917𝑖𝑛2

= 1044.34
𝑖𝑛

𝑠
= 87.03

𝑓𝑡

𝑠
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APPENDIX B 

MASS LOSS MEASUREMENTS FOR ALL TESTS
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Table B1.     Test Results 
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Table B1 - continued 
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Table B1 - continued 
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Table B1 - continued 

 
 

 


