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·ABSTRACT 

lhe effects of the microstructure of two ducti 1 e alloys on solid 

particle erosion were determined .• Erosion resistance is ysually related 

to the hardness of a material; the higher the hardness, the better the 

erosion resistance. To determine microstructural effects on erosion, 

two alloys were chosen which allowed microstructural changes to be made 

without drastically changing their hardness. The alloys used were a 

plain carbon 1075 steel in the coarse pearlite, fine pearlite, and· 

spheroidized forms, and an Al-4.75%Cu alloy treated to produce GP Zone 

and e• microstructures. Single particle and multiple particle impact 

studies were conducted using 240 ~m diameter SiC as the eroding material. 

Angles of impingement used were 15°, ·30° and 90° while the 'particle 

velocities were 30.5 mps (100 fps) and 61 mps (200 fps). Both surface 
t 

and subsurface analyses were conducted using scanning electron microscopy. 

In the 1075 steel study, the spheroidized microstructure eroded less 

than either of the two pearl itic microstructure. It was found that the 

pearlitic steels exhibited cracking at the eroded surface causing greater 

material removal. Cracking is believed to be caused by high strains and 

strain rates combined with the lower ductility and high work hardening 

rate of the pearlitic steel. The spheroidized structure, havjng a 

greater ductility, showed no surface cracking. However, cracking did 

occur at a depth of approximately 20 ~m below the surface. This sub

surface cracking was believed to be caused by cyclic stressing which 

caused fatigue fractures to form. 
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In the Al-Cu system, the e• material consistently eroded less than 

the GP Zone material. Upon further investigation it was found that the 

erosion rate decreased as the precipitate size was enlarged from GP Zones 

to B'', peak hardness, e•, and e phases. The larger precipitate sizes 

appeared to restrict subsurface deformation and provide an excellent 

barrier to erosion. 
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I. INTRODUCTION 

Material removal by fast-moving particles has been recognized as a 

serious problem in many engineering applications. Early studies in solid 

particle erosion were prompted by severe damage to equipment used for the 

catalytic cracking of oil. 1' 2 Since then erosion studies have been con

ducted for a variety of reasons including dust and sand erosion of 

helicopter engine compressor blades and small solid particle damage to 

gas turbine blades. 3' 4 More recently, there has been a renewed interest 

in the field because of the hostile environment that materials are sub-

jected to in many advanced energy conversion systems, especially coal 

gasification and liquifaction. 6' 7 Severe damage to internal components 

including piping, fittings, cyclones, and valves has been observed in 

coal gasification pilot plants caused by coal char moving at velocities 

up to 30.5 meters/second (100 feet/second). The damage caused by this 

type of erosion is especially detrimental due to the harsh combination 

of corrosive gases and elevated temperatures that is also present. 

PrelimiDary studies have shown that erosion accelerates the corrosion 

process and decreases the life of components. 7 Therefore it is very 

important that a better understanding of the solid particle erosion/ 

corrosion processes be obtained. 

Previous workers in the field have made valuable advances in the 

understanding of erosion. It has been determined that erosion of ductile 

alloys strongly depends on particle velocity and angle of impingement 

(angle of impingement, ~, being defined as the angle between the direction 

of the oncoming particle and the material's surface), and to a lesser 
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degree particle size, shape and density in the fluid stream. A typical 

erosion curve for ductile alloys for different angles ~f impingement is 

shown in Figure l{a). The angle of maximum erosion is usually found to 

be from 15° to 30° for ductile alloys. Brittle materials behave quite 

differently in that the maximum erosion angle for a brittle material is 

90°. This is to be expected from what is known about fracture mechanics 

in materials such as glass, i.e. the maximum normal stress will produce 

the most favorable conditions for fracture in a brittle solid. A typical 

erosion curve for a brittle material is shown in Figure l{b). Because 

of the marked differences in the erosion of these two types df materials 

and because the author was primarily interested in ductile materials~ 

a 11 erosion processes referred to in this report wi 11 be for erosion of 

ductile materials. ~ 

F . . B- 11 . . t t t . b t . t th . f. 1 d 1 . k d 1nn1e, 1n an 1mpor an con r1 u 1on o 1s 1e , 1 ene 

erosion of ductile alloys at glancing angles of impingement (cr ~ 10°-30°) 

to a cutting tool which displaces material as in metal cutting or grinding. 

In solid particle erosion, the quantity of material removed is a function 

of particle mass, velocity, and angle of impingement. Finnie added that 

it was also a function of the flow stress of the annealed material being 

eroded, as estimated by the Vickers hardness number. Usually the flow 

stress in a tension test is approximated by VHN = 3 X flow stress. Finnie, 

guided by metal cutting data, estimated the flow stress as being equal to 

the Vickers hardness number due to large strains and strain rates present 

in both metal cutting and erosion. It has been generally accepted that 

the greater the hardness of a material, the les~ the erosion rate or 

weight loss would be. Finnie's analytical equations fit the data quite 

-· 
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well for low angles of impingement. The analysis, however, does not 

predict erosion at higher angles of impingement where erosion does indeed 

occur. To explain erosion at higher angles of impingement, Finnie 

referred to either an initial particle rotation which could drive material 

from the surface or a low cycle fatigue phenomena where cracks could 

initiate and grow in the plastically deformed layer or at the plastic

elastic interface beneath the surface. 

Bitter;12 •13 has interpreted erosion to be a combination of two 

types of wear. One type, called 11 deformation wear11
, is caused by 

repeated plastic deformation during impacts on the surface resulting in 

a work hardening process causing cracking at the location of maximum 

stress and spalling of surface material. This, therefore, would account 

for material weight loss at high angles of impinsement. The other type 

of wear, called 11 Cutting wear11
, is similar to Finnie•s approach and· 

models erosion at lower impact angles. Bitter•s equations became very 

lengthy ~nd complicated, therefore Nielson and Gilchrist14 provided a 

modifi~d and simplified version of Bitter•s analytical work. 

Tilly et al. 15-19 have done much work on sand erosion motivated by 
-

problems with engines. on helicopters, hovercraft, and civil transports. 

More recently Tilly20 has proposed a two stage erosion mechanism. In the 

first stage a particle impacts the surface, causes damage, and removes 

some material. In the second stage the particle fractures and fragments 

project off to do further damage. He analytically derived an expression 

for this second stage erosion and when added to the original damage of 

stage one, could quite accurately predict erosion over the entire range 
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of impingement angles. Stage one would predominate at glancing angles of 

impingement while stage two would predominate at high angles of impingement. 

Hutchings and Winter21 - 23 have conducted single particle impact 

studies using spherical and angular particles and have determined that 

for angular particles the rake ang)e is very important in determining 

the nature of impact deformation. The rake angle is defined, as in 

machining,as the angle between the cutting face of a tool (or in this 

case the angular particle) and a plane perpendicular to the surface of 

the work at the cutting point. Tests were conducted whereby a sample was 

projected towards 'a fixed, single, angular particle which was oriented 

at a predetermined rake angle. Therefore not only the angle of impinge

ment but also the rake angle of the particle could be set. Two distinct 

modes operate at angles more positive or more ne~ative than the critical 

angle. At angles more positive than the critical angle, cutting takes 

place exactly as Finnie predicts. At angles more negative than the 

critical angle, ploughing (extruding material above the initial surface) 

occurs. It has been shown that the ploughing mechanism can also cause 

material removal after a critical velocity has been exceeded. Experiments 

have shown that the critical a·ngle and velocity are interdependent; as 

the particle velocity increases, the critical angle increases, and as 

the angle of impact increases, the critical velocity increases. Hutchings 

and Winter also observed bands of localized deformation believed to be 

adiabatic shear bands in lips raised during particle impacts. These 

lips can be easily broken off by subsequent particles or fragments of 

fractured particles. In later studies24 Hutchings and Winter concluded 

that these deformation bands were due to thermal softening of the metal. 
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In mild steel these ba~ds were quite wide whereas in titanium they were 

very thin. The mechanism of detachment of these bands was a combination 

of shea.r stresses and tensile stresses from the intertia of the lip, 

causing tensile fracture to propagate in the thermally softened metal 

in the band. 

A majority of the work done in erosion has been on mechanisms of 

metal removal with analytical modeling. Up to this time the topic has 

received little attention from material scientists. Consequently, limited 

efforts have been made to understand what is happening from a materials 
5 

point of view below the surface. Ives and Ruff , in a pioneering contri-

bution, conducted a study of erosive single particie impacts on 310 

stainless steel and copper using scanning electron microscopy (SEM) and 

·transmission electron microscopy (TEM). They found extremely high 

dislocation densities in the immediate vicinity of the impact crater. 

The impacting particles used were 50 ~m diameter A1 2o3 particles 

traveling at 59 mps (180 fps). The dislocation arrangement was described 

as a random tangle·of lines. Deformation twins similar to those produced 

in shock deformation at high pressures were also seen in the vicinity of 

large impact craters which could have been caused by the high strain 

rates of ero~ion in low stacking fault energy materials. Strain measure

ments in and around craters were also made using SACP (selected area 

electron channeling patterns). Strains as high as 14% (compressive) 

were observed in the copper material near a.crater caused by a normal 

impact with the A1 203 particle traveling at 59 mps (180 fps). Strains 

in the 310 stainless steel under the same conditions were found to be 

from 5% to 10% (compressive) at the crater sites. 
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There has also been some microstructural work done in wear 

studies, 25 , 26 including rain erosion and cavitation. Suh et al. 27 , 28 

have done a considerable amount of work looking microstructurally at the 

wear process and have developed the delamination theory of wear. This 

theory will be explained in more detail later in this report. Preece29- 31 

has added considerably to the understanding of cavitation erosion through 

microstructural studies. Through the use of transmission electron micros

copy (TEM) and scanning electron microscopy (SEM) in fcc metals (Al) she 
" 

found a high density of random, heavily jogged dislocations and a large 

amount of point defect clusters very similar to those formed by shock 

pressures produced by explosive loading. 

It is the purpose of the present work to vary the microstructure 

of the target material to determine its effect on solid particle erosion 

and to examine microscopically subsurface deformation of the erosion 

process using SEM. Until now, the only material property utilized in 

most erosion equations has been the flow stress or the hardness of the 

material. The approach taken was to select alloys that could be readily 

heat treated into different microstructures without changing drastically· 

the hardness of the material. For this reason, two alloys were chosen 

for the erosion study: a plain carbon 1075 steel and an aluminum --

4.75% copper alloy. 

The steel was chosen because it could be easily transformed from 

a layered structure of a spheroidized structure. It was then possible 

to exam~ne the effect of fine pearlite, coarse pearlite, and t~e 

spheroidized structure on erosion. 
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The Al-Cu system was chosen for this study because it goes through 

an age hardening curve which reaches a peak and then de.creases making it 

pos~ible to chose two or three different microstructures that have iden

tical hardnesses. It is well known32- 34 that in the Al-Cu system 

(<5% Cu), artificial aging produces a series of copper rich precipitates 

that grow in size with increasing aging time. The aging process is 

usually known as 

GP Zones ~ ell ~ e • ~ e. 

The e phase is the equilibrium CuA1 2 phase. Peak hardness usually occurs 

between the e11 an~ e• phases. It is also well known that the copper rich 

precipitate moves from total coherency for the GP Zones and ell precipi

tates to semicoherency for the e• precipitates and total incoherency 

for the e precipitates. 
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II. EXPERIMENTAL PROCEDURES 

A. 1075 Steel 

1. Material Characterization and Heat Treatment 

A 1075 plain carbon steel sheet 4.77 mm {0.1875 in.) thick was 

obtained from Weichhart Stocking Co, San Francisco, California, and 

sheared for erosion samples and flat tensile blanks. The exact chemical 

analysis of the steel is shown in Table 1. The erosion sample size was 

19mm {0.75 in.) by 63.5mm {2.5 in.). The samples were then surface 

ground to remove all foreign material and heat treated to form the coarse 

pearlite, fine pearlite, and spheroidized microstructures. To form coarse 

pearlite and fine pearlite the samples were heat treated in anABAR #90 

high vacuum furnace for a controlled inert atmosphere and precise tempera

ture control. Coarse pearlite was formed by austenitizing at 875°C ± 3° 

for 30 minutes, furnace cooling at 700°C ± 3°, holding for 3 hours, and 

furnace cooling to room temperature. Fine pearlite was formed by austen

itizing at 875° ± 3° for 30 minutes, fast cooling to 600°C with an argon 

stream of gas, holding for 30 minutes, and cooling to room temperature. 

The spheroidized sam.ples were heat treated by encapsulating the samples 

in quartz tubes filled with argon, austenitizing at 875°C ± 5° for 30 

minutes, furnace cooling to 700°C, holding for 10 days, and·air cooling 

to room temperature. The resulting microstructures can be seen in Figure 

2. Test samples were cross sectioned to check for decarburization. No 

decarburization was observed. Following heat treatment, Rockwell B or C 

and Vickers hardness tests were taken and flat tensile specimens were 
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machined as per ASTM specifications with a final gauge length of 25.4 mm 

(1 in .. ) and a final thickness of 1.04 mm (0;151 in.) Tensile data was 

obtained using an MTS Universal Testing Machine with an MTS #632-208 

extensometer. 

From the tensile data, 0.2% offset yield stress, ultimate stress, 

fracture stress, workhardening coefficient (n), and work hardening rates 

were determined. The work hardening coefficient (n) was determined by 

plotting log crT vs log £T and finding the slope of that line assuming 

the data corresponds to the equation a- a = K(s- s )n. Work hardening - . y y 

rates were determined by the slope of the tangent of the. true stress--

true strain curve at 1% and 2% strain. 

2. Erosion Testing 

The erosion testing was conducted at room temperature using an air 

blast tester shown in Figure 3 (a,b). The tester operated by feeding 

the eroding particles from a vibrating hopper into a stream of gas. The 

particle feed rate was found to be accurate and constant at 20 grams/minute 

for the size and shape of particles used in this study. Angular silicon 

carbide particles were used as the eroding material having a hardness of 

about 4500 (VHN) and an actual (true) density of 3.2 gm/cm3. The actual 

density was found by the displacement of a known volume of water by a 

known mass of SiC. Apparent density, on the other hand, is less than the 

actual density because of the packing irregularity during dry measurement. 

Most erosion testing was conducted using +65 -60 mesh (240 ~m) diameter 

SiC particles. The fe~ting device· allowed for choice of particle 

velocity by changing the pressure drop and gas flow rate across a 
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0.305 m {12 in.} long by 4.77 mm {0.1875 in.) ID stainless steel nozzle. 

Particle velocities used in this study were 30.5 meters/second (100 feet/ 

second} and 61 meters/second (200 feet/second). These velocities were 

determined using a one dimensional, two phase flow computer analysis 39 

and verified using a rotary testing device. 42 The.rotary"velocity tester, 

as shown in Figure 4 {a,b}, allowed for ready calculation of velocity by 

measuring the distance between a reference {zero) mark and the erosion 

pattern formed at a given air pressure and angular velocity of the discs. 

The equation used to calculate velocities was 

where V = particle velocity 

2nRvl v = ..:...._..,,....;...:-. s 

R = radius from center of disc to center of erosion pattern 

v = angular velocity of disc 

L = distance between plates 

s.= arc length between reference point and erosion pattern 

The erosion testing device also allowed for choice of angle of impinge

ment by rotating the sample which was cantilevered from the front port 

door. Angles of impingement used in this study were 15°, 306 and 90°. 

When a differential air pressure and flow rate sufficient to achieve a 

particle velocity of 30.5 mps (100 fps} was used, the loading factor was 

0.06 gms·clgm . while at a particle velocity of 61 mps (200 fps} the 
1 a1r . 

• 
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factor was 0.36 gmsic/gmair· It was found that these differences in the 

loading factor had little effect on erosion rates. 

a; Singe Particle Impact Study 

A single particle impact study was conducted by blasting approxi

mately 10 SiC particles 240 ~m in diameter at the sample surface and 

viewing the results with an AMR Scanning Electron Microscope operated at 

20 Kv. Particle velocities used were 30.5 mps (100 fps) and 61 mps 

(200 fps) and the angles of impingement were 15°, 30° and goo. Stereo 

photographs were taken of single particle impact craters. These stereo 

photographs are included in this report. The reader is referred to the 

ASM Handbook Volume g which contains a stereo viewer inside the back 

cover for viewing these photographs. A second single particle impact 

study was conducted to observe cross sections of impact craters. Larger 

(1200 ~m diameter) SiC particles were used for this study to insure 

relocation of impact craters after cross sectioning. Impact angles used 

were 15° and goo while the particle velocity was approximately 30.5 mps 

(1 00 fps). 

b. Multiple Particle Impact Study 

A multiple particle impact study was conducted by impacting five, 

60-gram charges of SiC on the sample surface with weight los~ measurements 

of the sample taken after each 60-gram amount. Also after each 60 grams 

impacted, the surface was subjected to a high pressure air blast before 

weight measurements to minimize the amount of SiC left on the surface. 

A total of 300 grams (five charges) of SiC were used eroding each sample. 
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Erosion rates for each 60 gram charge of SiC were determined by the 

formula: 

Erosion Rate = ~.,.--,;c:..:_h:.:::a.:.:..nOI.-ge::........:i..:.;n,.--m~a=-=s:..:s:.____;.o_,_f_;_s:..:a~m:.c:p....:...l.:;:...e .,..---.,
total mass of impacting particles 

The multiple particle eroded samples were viewed microscopically in cross 

section (both transverse and longitudinal to the direction of glancing 

angle impact) and on the surface of the erosion pattern. Sample cutting 

for cross section viewing was done using an Isomet 11-1180 Low Speed 

Saw to eliminate·excess surface damage and overheatino. The ~amples were 

mounted using ball mill and regular Bakelite with a plastic sheet phenolic 

canvas used for edge retention as shown in Figure 5. 

B. Aluminum- 4.75% Copper 

1. Material Characterization and Heat Treatment 

An aluminum 4.75% copper five pound ingot was made using 99.999% 

pure aluminum with 99~9% pure copper. The exact chemical analysis is 

shown in Table 2. Homogenization of the ingot was done by placing the 

ingot in a stainless steel bag and holding at 550°C for 48 hours followed 

by ice water quench. The ingot was then hot rolled to a thickness of 

4.7 mm (0.1875 in.) and cut into erosion test samples and flat tensile 
;_.·· 

blanks as described previously. Age hardening curves for this mateiial 

were made using cubes one centimeter on edge which were solution heat 

treated for 48 hours at 550° C in a salt pot, ice brine quenched, and 
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artificially aged for different amounts of time at 130°C and l90°C. 

The aging curves determined are shown in Figures 6 and 7. All samples 

not being immediately used were refrigerated to retard natural aging. 

The erosion samples and flat tensiles were then solution heat treated, 

ice brine quenched, and aged to from the GP Zone, 811
, peak hardness, 

e•, and e microstructures as dictated by the age-hardening curves. To 

form GP Zones, the Al-Cu was aged at 130°C in oil for 6.4 hours while to 

form 811
, peak hardness, e', and e precipitates the aging was done at 

190°C in a salt pot for 6.2, 16, 288, and 1000 hours respectively. All 

hardness readings conducted for the Al-Cu system were obtained with a 

Vickers hardness tester using a 1000 ~ram load. Tensile tests were 

conducted on an MTS machine. Surface preparation for erosion ·of the 

Al-Cu material was the same as has already been discussed. Eroding 

conditions and evaluation using metallography and the SEM were also the 

same as for the 1075 steel study with the exception that all the Al-Cu 

samples prepared for metallography were polished through the 0.05 ~m 

MgO solution and etched with Keller's etch diluted 9 to 1 . 

• 
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III. RESULTS AND DISCUSSION 

A. 1075 Stee 1 

1. Mechanical Testing 

Hardness and tensile data for the 1075 steel are presented in 

Table 3 (a,b) and Figures 8 and 9. Each hardness data point is the 

result of five Vickers hardness indentations on each of two samples or 

five Rockwell B or C indentations on each of two samples. As expected, 

the spheroidized steel was slightly softer (R879 or VHN 162) than the 

coarse pearlite (R890 or VHN 191), with the fine pearlite being the 

hardest (R8 100 or VHN 250). Tensile data show the spheroidized structure 

had a slightly lower yield and ultimate than the pearlitic steel but 

greater elongation .. The work hardening exponent (n) was also much 

greater for the spheroidized structure. However, the initial work 

hardening rate (at 1% strain) was almost twice as large for the pearlitic 

steel as for the spheroidized structure. Reference to these parameters 

will be made later~ 

2. Erosion Tests • 

Results of erosion tests of the three different microstructures of 

the 1075 steel at a particle velocity of 30.5 mps (100 fps) and angles 

of impingement of 15°, 30° and 90° are shown in Figures 10-12. The graphs 

show that after steady state erosion had begun (the horizontal portion of 

the curve), the spheroidized microstructure eroded slightly less than 

either the coarse or fine pearlite. It should also be noted that there 

is a definite threshold region before steady state erosion begins. This 

• 
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threshold will be discussed later i~ this report. Figures 13-15 show the 

same results with cumulative weight loss now plotted against amount of 

impacting particles. Steady state erosion is denoted in these graphs as 

a long straight line whose slope corresponds to the cons~ant level of 

erosion rate seen in Figure 10-12. Had there been no threshold, these 

straight lines would have passed through the origin without being kinked. 

Erosion data at a particle velocity of 61 mps (200 fps) also show 

that the spheroidized structure eroded less than the fine or coarse 

pearlite structures (see Figures 16-18). Here, however, the low initial 

erosion ~ates are not observed at angles of 15° or 30° and'only slightly 

at 90°. The threshold may have been shifted to the left so as not to be 

seen at the time of the first 60 gram weight loss measurement. Cumulative 

weight loss curves also prove that steady state was seen throughout the 

test for angles of 15~ and 30° (see Figures 19-21). 

By combining the aforementioned data, erosion rates can be compared 

for the three microstructures at all angles of impingement on a typical 

erosion rate vs angle of impingement curve (see Figures 22 and 23). The 

curves are shaped similar to the curve for ductile alloys as shown 

in Figure l(a). Data scatter bands show that the pearlitic steels 

were quite indistinguishable from one another and therefore no signifi

cant differences in erosion rates between them can be seen. However 

the spheroidized structure scatter did not overlap the pearlitic 

scatter and therefore did erode less at these particle velocities, sizes 

and angles of impingement. 
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A one-half-hour duration test was conducted to determine if the 

pearlitic and spheroidized microstructures behaved the same after longer 

erosion times. The particle velocity used was 61 mps (200 fps) and the 

impact angle was 15°. The SiC particle size was slightly larger 

(280 ~m diameter) than used in the previous study. The spheroidized 

structure once again eroded less (wt. loss = 0.1848 grams) than the pearl itic 

steel (wt. loss= 0.1941 grams). This is not what would have been expected 

from hardness data alone. The fine pearlite material should have eroded 

the least since it was the hardest of the three microstructures. 

a. Single Particle Impact Study 

To determine why the spheroidized structure eroded less than the 

pearlitic structure, several observations were made. One of these obser

vations dealt with a single particle impact study. Upon examining the 

surface using SEM after single particle impact craters were made, it was 

seen that th~ p~arlitic and spheroidized structures exhibited markedly 

different mechanisms of erosion. The pearlitic steels typically showed 

a fracturing of the cementite plates as the particle impacted the surface 

as seen in Figure 24 (a,b,c) .. This type of surface fracture would be 

expected because of the brittleness of the cementite plates. The ferrite 

matrix, being very soft and ductile, appears to be torn away leaving the 

plates exposed. Micro-cracking of this type in pearlitic steels has been 

previously observed under high strain rate conditions. 35 Orientation 

of the cementite plates in the pearlite colony near the surface with 

respect to the direction of impact may be an important factor since some 

of the photomicrographs revealed no cracks on the surface when the 
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cementite was pa,ra)lel to or bent parallel to the direction of impact 

[see Figure 24(d}]~ Although the cementite spacing was bnly approximately 
"!. ,• 

1 llm for the coarse pearlite, the pearlite colony size ranged from 35 llm 

to 50 llffi in diameter, larger than the size of a single particle impact 

crater caused by a 240 llm SiC particle. Therefore the orientation of the 

colony to the direction of impact may have an effect on erosion behavior. 

The spheroidized steel under single particle _impact showed no 

severe cracking but rather exhibited a type of mechanism where material 

was easily moved about with carbide particles lying near or on the surface 

after impact.[see Figure 25 (a,b,c}]. This type of mechanism has also 

been s~en in abrasive wear studies of spheroidized steels. 26 The 

spheroidized steel•s mechanism of erosion would be one in which much 

material would be moved about plastically, but relatively little material 

would actually be driven from the surface. The pearlitic steel•s 

mechanism would be one in which material could easily be driven from the 

surface in the form of chips that have cracked from the surface. 

Cross sections of single particle impact craters resulting from 

large SiC particles (1200 llm ~iameter} showed·similar results to the 

single particle impact surface study. The pearlitic steel showed the 

cementite plates breaking off at the surface,with the ferrite seemingly 

torn away from between them [see Figur~ 26(a}]. It is also interesting 

to note that the tementite plates below the surface are being bent in 

the process of crater formation as in Figure 26(b}. Therefore, the 

cementite indicates the extent and direction of plastic flow beneath the 

surface. In many instances these cementite plates were bent without 
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fracturing. This was also seen before in Figure 25(d), the surface view 

of a single particle impact. Since the cementite plates are very brittle, 

the fact that they did bend without fracturing would indicate a ·rarge 

amount of hydrostatic compression immediately at and below the surface. 

The zones of compression have been previously measured in the immediate 

vicinity of single particle impact craters. 5 

The spheroidized structure showed no severe damage at the surface ' 

(see Figure 27). However, at approximately 20 llm below the center of the 

crater at an impingement angle of 90° and particle velocity of 30.5 mps 

(100 fps), small microcracks were occasionally seen (see Figure 28). 

There are a number of reasons why this type of cracking could occur. 

These explanations will be offered in the following section. 

b. Multiple Particle Impact Study 

Typical macroscopic views of eroded surfaces at impact angles of 

15°, 30°, and 90° are shown in Figure 27{a,b,c,). Although ripple patterns 

have been observed by many workers on eroded surfaces, there were no 

obvious ripple patterns seen in the steel work. 

When examining the surfaces of the multiple eroded samples more 

closely, there did not seem to be any striking differences between the 
,· 

pearlitic and spheroididzed microstructures due to the smearing effect 

of the erosion [see Figures 30(a,b,c,d) and 3l{a,b)]. However, .the 

pearlitic steel did prove to have some cracking, as seen at A in 

Figure 30(a). The spheroidized steel showed no such behavior [see 

Figure 3l(a,b)]. Upon cross sectioning the multiple eroded material, 

some very interesting results were observed. Microcracks forming 

below the surface were seen in several samples. 
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At particle velocities of 61 mps (200 fps} and 30.5 mps (100 fps} and 

angles of impingement of 15° and 30°, the spheroidized structure showed 

cr~cks at a depth of ~ 20 ~m [see Figure 32{a 1 b,c,d)]while under the 

same conditions the pearlitic steel showed cracks much neQrer the surface 

(3-6 pm) [see Figure 33(a,b}]. In Figure 32(d), the spheroidized carbide 

was totally removed from the material at a depth of 20 ~m suggesting 

that the carbide was no longer held in the matrix and was possibly 

removed during polishing. This type of carbide removal by polishing is 

not seen in samples which have not been eroded [see Figure 32{e)]. The 

separation between carbide and matrix can also be seen in Figure 32(c). 

As in the single particle .impact study, the pearlitic steels 

exhibited a large amount of hydrostatic compression very near the surface 

as evidenced by the cementite plates in the pearlitic steel being bent by 

the erosion process and not fracturing [See Figure 34(a,b)]. 

At a 90° impact angle and a particle velocity of 61 mps (200 fps), 

the spheroidized and pearlitic structures showed that most of the sub-

surface cracking otcured in or very near the plastically deformed surface 

layer. Cracks were seen to a depth of approximately 15 ~m below the 

surface which is assumed to be the depth of plastic deformation [see 

Figure 35(a,b,c)]. 

Subsurface cracking has been seen before in sliding wear studies 

and has been alluded t6 in'erosion studies to account for erosion at 

high impact angles. A number of theories as to why the cracking occurs 

under erosion type loading conditions have been given in the 

literature.ll,l 2, 27 , 28 Four possible explanations for the subsurface 

cracking will be presented here. 
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1. Finnie11 and others have indicated in their work that it is 

possible that a low cycle fatigue phenomena could be responsible for 

causing subsurface cracking at high angles of impingement. This type of 

failure would stem mainly from the alternating normal component of the 

force acting on the surface which would cause compressive and tensile 

plastic strains in the material. Cracking would probably begin most 

quickly and severely in the plastic zone or at the interface of plasticity 

and elasticity below the surface. Once cracks would begin, propagation 

would cause connection of microcracks and material would spall off. From 

the present study it would seem that the low cycle fatigue theory 

could explain·subsurface cracking at normal angles of particle impingement 

since severe cracking was seen in the plastically deformed region and at 

what seemed to be the interface of plasticity and elasticity. However 

the low cycle fatigue process would not totally explain the subsurface 

cracking at mar~ grazing angles. 

2. Other explanations for subsurface cracking are given by workers 

on sliding wear. 27· In the theory (called the delamination theory of 

wear) it is believed there is a certain work-softened layer caused by 

the wear process due·to dislocations near the surface being able to reach 

the free surface and not cause entanglement and work hardening. However, 

at a certain depth below the surface, dislocations are no longer able 

to slip to the surface, but instead become entangled and therefore do 

not transmit the energy of the wear process out to the surface or into 

the material. At this depth stresses rise that eventually are capable 

of nucleating cracks, especially at interfaces between incoherent second 
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phase particles and the matrix. It is still quite uncertain that this 

explanation could be easily converted from the sliding wear field to the 

solid particle field where strain rates are much higher than in most 

other wear processes. Also, as has been discussed earlieY, 5, 29 extremely 

high concentrations of dislocations have been associated with erosive 

single particle impacts and in cavitation erosion conditions. Therefore 

it seems unlikely that the delamination theory could adequately explain 

the subsurface cracking observed in this study. 

3. In contrast, Sheldon36- 38 has reported that during erosion the 

surface layer is extremely work-hardened. If this is true, work hardening 

could account for subsurface cracking due to the increased brittleness of 

the work hardened layer. Tensile data from the present study showed that 

the pearlitic steel was much less ductile than the spheroidized steel and 

also had a much higher ~ork hardening rate [see Table 3(b)]. Therefore, 

it is possible that the pearlitic steel's microcracks which are very near 

the surface are caused by a work hardening phenomena. However in the 

spheroidized steel, many of the subsurface cracks appear at a depth much 

greater than what would normal_ly be attributed to work hardening. Hence 

the work hardening theory cannot totally account for all microcracking 

observed. 

4. Based on the cross section observations, there appears to be a 

··hydrostatic compression region immediately belo~tJ the eroded surface with 

microcracking sometimes occurring below the hydrostatic zone. The stress 

distribution to account for these observations may be similar to a 

Hertzian type stress field that occurs under purely elastic conditions. 
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Because there is a plastic zone generated in the erosion process, the 

Hertzian solution is too simple to model the entire process. However, 

it is possible that alternating shear stresses below the surface are 

great enough to nucleate cracks at the weak interfaces between the matrix 

and the second phase precipitates. Cracks at this interface have been 

observed in the spheroidized steel as seen in Figure 32(c). These 

cracks could then propagate to reach one another through tensile forces 

caused by impacting particles during either micromachining or. lip formation. 

lip formation, as has been previously discussed, can be caused by particles 

impacting at a negative rake angle or at quite high angles of impingement. 

In the Hertzian model, the maximum shear stress occurs at a depth 

of approximately one third to one half the radius (r)~of ~he.projected contact 

area on the surface. Projected contact areas on both the spheroidized 

and the pearlitic steels using 240 llm SiC traveling at 61 mps (200 fps) 

with a 30° angle of impingement, were approximately 7.5 x 10-6 cm2 to 

10 x 10-6 cm2. If circular impacts are assumed then r = 18 llm and the 

maximum stress wouid occur at a depth of approximately 6 -+ 9 llm if the 

conditions were entirely elas~ic. Typical single particle impact craters 

formed with 240 llm Si"C at a 15° angle of impingement and a particle 

velocity of 61 mps (200 fps) showed a radius of projected contact area 

of approximately 28 llm producing a maximum stress at approximately 

10 - 14 llm below the surface. The depth of cracking seen in the sphe

roidized microstructure (Figure 32) was approximately 20 llffi when eroded 

with 240 llm SiC at 15~ and 30° impact angles and particle velocities of 

30.5 mps (100 fps) and 61 mps (200 fps). Therefore the cracks are seen 

at depths greater than predicted by the Hertzian model. When 1200 llm 
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diameter SiC was used to study single particle impact craters in cross 

section, the spheroidized structure showed cracks at a depth of approxi

mately 20 ~m when a goo impact angle was used with a particle velocity 

of 30.5 mps (100 fps). Under these conditions the contact .area radius 

was approximately 20 ~m. Once again the cracks were seen at a depth 

greater than predicted by the Hertzian model. A closer estimate of the 

actual depth of cracking would be d = r, where d is the depth of cracking 

and r is the radius of projected contact area. It is not surprising that 

the observed cracks are not at d = 1/2 r predicted by the Hertzian model 

since the conditions are not truly elastic. 

To briefly summarize, it seems most reasonable from the observations 

in this study that a fatigue process_ is governinq the cracking below 

the surface, especially at high impact angles. However due to the layer 

of compression directly beneath the surface, it is uncertain whether the 

fatigue process is being caused by the classical low cycle fatigue theory 

or by alternating shear stresses. 

Tensile data showed the pearlitic steel had a much lower percent 

elongation and a much higher rate of work hardening than the spheroidized 

steel. The high strains and strain rates of erosion could cause the 

pearlitic steel to severely work harden and fracture at the surface. The 

spheroidized structure, on the other hand, being more ductil~, would not 

fracture at the surface but could produce a stress system capable of 

causing cracks at a greater depth below the surface. Therefore the 

spheroidized microstructure, even though it was softer than the pearlitic 

microstructure, lost less material because of its mechanism of erosion 

wherein little material was driven from the surface. 
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c. Threshold Behavior 

The threshold region of the erosion rate vs. angle of impingement 

curve before steady state erosion has begun may be important in applica

tions where erosion and corrosion are occurring simultan~ously. A 

component may exhibit threshold behavior throughout its life due to a 

constant build up and breakdown of the surface material during corrosion 

and erosion. 

The threshold behavior before steady state erosion begins ~s seen 

in Figures 10-12 (curves of Erosion Rate vs. Amount of Impacting Particles) 

is more pronounced at particles velocities of 30.5 mps {100 fps) than 61 

mps {200 fps). Others have observed this type of behavior at normal angles 

of impact and have attributed it to erodi~g particle deposition in the 

sample~ 4 At glancing angles the deposition and therefore the threshold 

would disappear. In the present study, a low initial erosion rate was 

observed at all angles of impingement at a particle velocity of 30.5 mps 

{100 fps) and at 90° at a particle velocity of 61 mps (200 fps). Since 

the threshold was ·quite pronounced at glancing angles, it was believed 

that SiC deposition was not the only cause for the low initial weight 

loss. Two other explanations for this behavior could be: 

1) The material before erosion is in an annealed condition. 

The first SiC particles that impact on the surfa~e see a 

soft material which deforms upon impact but looses 

relatively little material. After more SiC impacts the 

material, the surface layer becomes work hardened and 

fractures more readily; this occurs especially in the lips 
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which are raised above the original sa~ple surface. When 

the surface becomes fully work hardened, steady state erosion 

occurs. As stated earlier, Sheldon has presented work relating 

erosion rates to the hardness of a work hardened material. 

2) The surface of the material, ini~ially smooth, is being 

roughened during erosion and forms peaks and valleys. After 

an array of peaks and ridges has been formed, steady state 

erosion begins. 

In order to determine the cause of the threshold, three experiments 

were conducted: 

1) After the initial 60 grams of SiC had impacted the surface, 

the material was cleaned with a blast of compressed air and 

checked for weight loss, as was normally done on all tests. 

Next the sample was ultrasonically cleaned and reweighed. 

This was repeated for all five 60 gram charges of SiC. 

2) Five pieces of 1075 spheroidized steel were cold rolled to 0%, 

20%, 40%, 60% and 80% reduction of area, and eroded at a 

particle velocity of 30.5 mps (100 fps) and an angle of 

impingement of 15°. 

3) Four samples of 1075 steel were directionally grooved to a 

depth of approximately 5 pm to simulate an array of peaks 

and valleys. The depth of groove was chosen to equal the 

crater depth that a single particle of 240 pm diameter SiC would 

m~ke traveling at 30.5 mps (100 fps) with a 30° impact angle. 

This depth was determined through analysis of stereo SEM 

photographs of single particle impact craters (for exact 
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procedures used see Appendix A). Two samples of each of the 

following were made: no grooves, grooves transverse to 

the direction of impacting particles, grooves parallel to the 

direction of impacting particles, and grooves in both the 

transverse and longitudinal directions. The grooves were 

made in samples which were initially polished to 1 ~m diamond 

wheel by making 2 or 3 passes on the 240 grit paper. Depth 

of grooves was verified using optical microscopy focusing on 

the top and bottom of the grooves. Figure 35 shows surface 

views of these samples before eroding. After grooving, the 

samples were heat treated to form the spheroidized structure 

and eroded at a particle velocity of 30.5 mps (100 fps) and 

an angle of impingement of 30°. 

The results of test one showed~ slight additional weight loss 

(~ 2 mg) after ultrasonic~lly.cleaning the sa~ple after the first 60 grams 

of SiC had impacted the sample. Howeve~ the. same amount of weight loss 

was also seen after ultrasonically cleaning the sample after subsequent 

charges of SiC had impacted the same sample. Therefore,although there 

are some SiC particles depositing in the surface, total removal of them 

would not alter drastically the shape of the Erosion Rate vs Amount of 

Impacting Particles curve. The threshold would still be present. 

The results of test two are given in Table 4. The erosion rate 

after 60 grams of particles had impacted the surface does increase ·sl fghtly with 

increasing amounts of cold work. However, the hardness of the samples 

also increases with increasing cold work (see Table 3). Therefore 
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the threshold becomes less pronounced or moves to a region prior to the 

first 60 grams of impacting particles with increasing cold work. 

Test three results showed no observable change in the threshold 

phenomena for grooves in the transverse or longitudinal directions. 

However, the threshold was almost entirely eliminated when eroding the 

sample with grooves in ,both transverse and longitudinal directions. 

These results are seen in Figure 37. 

The threshold seems to be a function of surface roughness with 

possible attenuating work hardening. These two processes in an erosion 

test probably occur simultaneously. There is some particle deposition, 

but the deposition is such that it will not drastically alter the shape 

of the Erosion Rate vs. Amount of Impacting Particles curve. 

B. Aluminum- 4.75% Copper 

1. Material Characterization 

Hardness and tensile data for the Al - 4.75% Cu material is shown 

in Table 5 (a,b) and Figures 38 and 39. The GP Zone material showed a . 
much higher elongation than the e• material and also a much higher work 

hardening coefficient (n) and work hardening rate (at 1% and 2% strain). 

Hardness data followed a typical age hardening curve as shown in 

Figures 6 and 7. The hardness values listed in Table 5(a) are from the 

erosion samples used in the erosion study. 

2. Erosion Study 

It was decided to compare the GP Zone material to the e• material 

for erosion resistance since these two microstructures were quite 
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different but yet had the same hardness. A Vickers hardness number of 

80 was chosen to compare these two microstructures. An erosion study 

very similar to the 1075 steel study was done with the Al-Cu system. 

a. Multiple Impact Study 

Results of the multiple particle impact study showed that at steady 

state erosion the e• material consistently eroded less than the GP Zone 

material for all angles of impingement and velocitfes tested {see 

Figures 40-51). · Figures 52 and 53 summarize the data and show that there 

is a significant difference in the erosion rates of these two micro

structures and that their scatter bands are quite small. To better 

understand the role of the precipitates on erosion, more precipitate 

sizes were tested {1s quenched, e", peak hardness, and e). The study 

revealed that increasing the precipitate size caused a consistent decrease 

in the erosion rate, even though the material's hardness decreased after 

the peak hardness condition (see Figures 54 and 55). 

Typical erosion patterns caused by multiple particle impacts can 

be seen in Figure 56(a,b,c). These macroscopic views lend no in~ight as 

to why the increase in precipitate size would decrease erosion. The only 

feature seen is the ripple pattern [Figure 56{b,c)] which is typical for 

erosion of aluminum at glancing angles of impingement. 

Although others have reported increased weight losses with greater 

volume fraction of second phase precipitates, the reason why the e• 

material eroded less than the GP Zone material ca~ be easily seen by 

examining the cross sections of these two materials. The GP Zone material 

. . 
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sbowedsevere subsurface damage and plastic deformation immediately 

below the surface. Cracking was also seen irrunediately below the eroded 

surface [see Figure 57 (a,b,c,d,e,f)]. The e• material seemed to provide 

an excellent continuum for resisting subsurface deterioration -- hence 

lower erosion rates [see Figure 58(a,b,c,d)]. No cracks were found in the 

e• material after erosion. Since erosion rate decreased with increasing 

precipitate size, it would seem that precipitates of the size of the e• or e 

phase in the Al-Cu material were good for erosion resistance. It is 

believed that even though the precipitates eventually become totally 

incoherent with the matrix upon aging, their fine, even distribution and 

size act to bind the matrix together and resist impact of the SiC 

particles. 

It should be noted that due to impurities which do not go into 

solution during solution heat treatment, a number of large copper-iron-

aluminum precipitates formed in the microstructure, marked "A" in 

Figure 57(a). An analysis using EDAX (energy dispersive analysis of 

x-rays) showed these precipitates had a chemical composition of approxi

mately 54% Al, 11% Fe, and 35~ Cu. These large inclusions are known to 

decrease the fatigue life of the aluminum alloy since the are easily 

fractured under cyclic loading. 40 ,41 When they break up they cause voids 

which provide easy nucleationsites for other failures. Their break-up 

can be easily seen near the eroded surface in Figure 57. It is also 

known that inclusion size and distribution are established during 

processing and are affected very little by subsequent solution and 

aging treatments. Since these large inclusions were present in all the 

microstructures used in the Al-Cu system, it is assumed that they are 
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not the cause of the differences in erosion rates for the microstructures 

tested. They do, however, allow for easy viewing of the. depth of plastic 

deformation in the material. As can be seen, the GP Zone material showed· 

a greater depth of deformation than did the e• material. 

It might also be possible to look at reasons why the e• material 

eroded less from a dislocation point of view. When the precipitates are 

very small (GP Zones), dislocations can cut through the precipitates. 

These precipitates do not act as good dislocation barriers and therefore 

greater plastic deformation occurs. As the precipitates grow, dislocations 

can no longer cut through precipitates but rather are pinned by the preci

pitates. In order to move, the dislocations must bow between precipitates. 

This process requires additional energy. Because the dislocations cannot 

easily move, plastic deformation is kept to a minimum and erosion is also 

kept low. 

It is also interesting to note that, as in 1075 steel, the material 

with the higher work hardening rate was the material to severely crack 

at the surface and have higher erosion rate characteristics. 

b. Threshold Behavior 

A threshold region before steady state erosion began was present in 

all tests in the Al-Cu system. Once again, the threshold was most 

pronounced at goo angles of impingement. At a particle velocity of 

30.5 mps (100 fps) and angle of impingment of goo there was a weight 

gain of the sample after 60 grams of SiC had impacted the surface. There

fore,there was definitely a deposition of SiC onto the surface. This 

might be expected from such a soft material as the Al-Cu. 
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IV. CONCLUSIONS 

The following conclusions can be made from the present study: 

1) Microstructure c:Efinitely plays a role in the solid particle 

erosion of ductile alloys. Erosion cannot be accurately 

predicted from hardness data only. 

2) In the 1075 steel work, the spheroidized microstructure eroded 

less than the pearlitic because of its ability to be deformed 

without fracturing at the surface. However microcracks are 

present at a depth of about 20 ~m below the surface which 

appear to be caused by a fatigue process. 

3) The pearlitic steel fractures quite severely at the surface 

causing a high erosion rate, yet below the surface there is 

a high degree of triaxial compression as evidenced by cementite 

plates being bent without fracturing. The fracturing at the 

surface is believed to be caused by the lower ductility and 

higher work hardening rate of the pearlitic steel. 

4) In the Al-Cu work, the B' material eroded less than the GP 

Zone material because of its ability to resist plastic 

deformation without fracturing. Severe plastic deformation 

and fracturing of the surface material was seen in the GP 

Zone material causing a higher erosion rate. Erosion rate 

decreased with increasing precipitate size (from the 

GP Zone through the e condition) even though the hardness 

did not consistently increase. 
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5) There is a definite threshold region before steady state 

erosion begins. The main factors governing this region 

appear to be surface roughening and particle deposition, 

although work hardening of the surface layer is also believed 

to be contributing. 

.• . 
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APPENDIX A 

To determine the depth of single particle impact craters, SEM 

stereo-photomicrographs were used as follows: 

where 

1) The point of greatest depth was found using a stereo viewer. 

2) A reference point, common to both photographs, located 

on the original sample surface was chosen. This reference 

point must be in a direction towards the detector from the 

point of greatest depth. 

Depth was calculated by the formula: 

x = depth of crater 

d1 = longer of two distances measured in 2) 

o = ti 1 t (degrees·) difference between two photographs 

(usually - 10°). 

d2 = shorter of two distances measured in 2) 

Note: It is easiest to start at 0° tilt and tilt to 10°, measuring 

d1 on the photograph of 0° tilt and d2 on the 10° tilt photograph. 
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TABLE CAPTIONS 

Table I. 1075 Plain Carbon Steel - Chemical Analysis 

Table II. Aluminum- 4.75% Copper- Chemical Analysis 

Table Ilia. Steel Hardness Data 

Table IIIb. Tensile Data 1075 Steel 

Table IV. 1075 Steel Hardness Data, Spheroidized Microstructure 

Table Va. Al - 4.75% Cu Hardness Data 

Table Vb. Tensile Data Al - 4.75% Cu 
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TABLE I 

1075 Plain Carbon Steel - Chemical Analysis 

Carbon (C) 0.75% 

Manganese (Mn) 0.80% 

Phosphorous (P) 0.023% 

Sulfur (S) 0.025% 

TABLE II 

Aluminum- 4.75% Copper- Chemical Analysis 

Aluminum (Al} Remainder 

Copper (Cu) 4.75% 

Silicon (Si l '0.05% 

Zinc (Zn) 0.01% 

Iron (Fe) 0.60% 
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TABLE III a. 

1075 Steel Hardness Data 

RB VHN 

Fine Pearlite 100 250 

Coarse Pearlite 90 191 

Spheroidized 79 162 

Spheroidized 

Cold Rolled 20% 99 242 

Cold Rolled 40% 102 261.5 

Cold Rolled 60% 105. 288 

Cold Rolled 80% 106 315.8 



TABLE III b. 

Tensile Data 1075 Steel 

Work Hardening Work Hardening Work Hardening 
Yield Strength Ultimate Strength % Elongation Coefficient (n) Rate @ 1% E Rate @ 2% E 

Coarse 63,950 psi 126,350 psi 12.4 0.15 55,500 psi 11,100 psi 
Pearlite (441.2 MN/m2) (871.8 MN/m2) (383 MN/m2) (76.6 MN/m2) 

Spheroidized 32,200 psi 78,300 psi 26.8 0.27 23,800 psi 14,800 psi 
(222 MN/m2) (538.2 MN/m2) (164 MN/m2) (102 MN/m2) 

Data from flat tensiles with one inch gauge lengths, 0.151" thick cut transverse to rolling direction 
(same orientation as erosion· samples). 

. ' 

I 
~ 
N 
I 



-43-

TABLE IV 

1075 Steel Hardness Data, Spheroidized f4icrostructure 

% Cold Work 

0 

20 

40 

60 

80 

Erosion Rate 
(at 60 grams of Impacting Particles} 

9.8 x 10-3 mg/~ 

10.3 x 10-3 mg/g 

14.9 x 10-3 mg/g 

16.6 x 10-3 mg/g 

17.2 x 10-3 mg/g 

Steady State Erosion Rate = 22 x 10-3 mg/g 
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TABLE V a. 

Al - 4.75% Cu Hardness Data 

Structure 

As quenched 

GP Zone 

e" 

Peak Hardness 

e• 

e 

Hardness (VHN) 1000 load 
g 

75.5 

80.6 

72.7 

99.2 

80.9 

74.2 



TABLE V b. 

Tensile Data Al-4.75% Cu 

Yield Strength Ultimate Strength 
Work Hardening .work Hardening Work Hardening 

% Elongation Coefficient (n} Rate @ 1% e: Rate @ 2% e: 

GP Zones 17,570 psi 40,150 psi 114,280 psi 35,500 psi 
(121 MN/m2) (277 MN/m2) 25 .30 (788.5 MN/m2) (245 MN/m2} 

e, 20,280 psi 37,700 psi 23,330 psi 20,000 psi 
(140 MN/m2) (260 MN/m2) 14.8 .17 (161 MN/m2) (138 MN/m2} 

20,130 psi 39,630 psi 114,280 psi 23,500 psi 
As Quenched (139 MN/m2) (273.4 MN/m2} 25 .19 (788.5 MN/m2) (162 MN/m2) 

e" 13,.600 psi 35,920 •psi 23 .19 114,280 psi 29,630 psi 
(93.8 MN/m2) (248 MN/m2) (788.5 MN/m2) (204 MN/m2) 

... , 

I 
~ 
(J"1 < 

I 

c 
~ 

Q 

.J .. ~";. 

~ 

~. 

~ 

~,. 

e· 
,c: .. 

~;: 

t>J 

.!".;:;;. 
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FIGURE CAPTIONS 

Figure 1. Plots of erosion rate {grams removed/grams of impacting 

particles) versus angle of impingement, a, {degrees) of 

a) a typical ductile alloy, and b) a typical brittle material. 

Figure 2. Scanning electron micrographs of 1075 steel in the coarse 

pearlite, fine pearlite, and spheroidized microstructures. 

Figure 3. a) Photograph of room temperature erosion tester. 

b) Schematic diagram of room temperature erosion tester. 

Figure 4. a) Photograph of erosion tester with rotary particle 

velocity testing device attached. 

b) A. Schematic diagram of erosion tester with rotary 

particle velocity testing device attached. 

B. Description of variables for particle velocity 

measurements. 

Figure 5. Schematic of mounting procedures for good edge retention 

when viewing cross sections of multiple eroded samples. 

Figure 6. Plot of Vickers hardness number (lOOOg load) versus aging 

time {hours). Aging conducted at 130°C to produce GP Zones. 

Figure 7. Plot showing Vickers hardness number (lOOOg load) versus 

aging time (hours). Aging done at 190°C to produce 8", 

peak hardness, e•, and e phases. 

Figure 8. Plot of engineering stress versus engineering strain for 

1075 steel - coarse pearlite and spheroidized. 

Figure 9. Plot showing true stress versus true strain for 1075 steel -

coarse pearlite and spheroidized. 
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Figure 10. Erosion rate (mg/g) versus amount of impacting particles (gm). 

Sample was 1075 steel - coarse pearlite, fine pearlite, and 

spheroidized - impacted with 240 ~m diameter SiC traveling 

at 30.5 mps (100 fps), [Vp = 30.5 mps], with 15° angle of 

impingement, a, [a = 15°]. 

Figure 11. Plot of erosion rate (mg/g) versus amount of impacting 

particles (gm) for 1075 steel - coarse pearlite, fine 

pearlite, and spheroidized - using 240 ~m diameter SiC. 

vp = 30. 5 mps (100 fps), a= 30°. 

Figure 12. Plot showing erosion rate (mg/g) versus amount of impacting 

particles (gm) for 1075 steel - coarse pearlite, fine 

pearlite, and spheroidized - using 240 ~m SiC. VP = 30.5 mps 

(100 fps), a= goo. 

Figure 13. Cumulative weight loss {gm) versus amount of impacting 

particles (gm) for 1075 steel - coarse pearlite, fine 

pearlite, and spheroidized - using 240 ~m diameter SiC. 

vp = 30.5 mps (100 fps), d = 15°. 

Figure 14. Plot of cumulative weight loss (gm) versus amount of 

impacting partictes (gm) for 1075 steel - coarse pearlite, 

fine pearlite, and spheroidized- using 240 ~m SiC . 

. vp = 30.5 mps (100 fps), a= 30°. 

Figure 15. Plot showing cumulative weight loss (gm) versus amount of 

impacting particles (gm) for 1075 steel - coarse pearlite, 

fine pearlite, and spheroidized - using 240 ~m diameter SiC. 

vp = 30.5 mps (100 fps), a= goo. 
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Figure 16. Erosion rate (mg/g) versus amount of impacting particles (gm) 

for 1075 steel - coarse pearlite, fine pearlite, and 

spheroidized - using 240 ~m SiC. V · = 61 mps (200 fps), p 

Figure 17. Plot of erosion rate (mg/g) versus amount of impacting 

particles (gm) for 1075 steel - coarse pearlite, fine 

pearlite, and spheroidized - using 240 ~m SiC. V = 61 mps 
. p . 

{200 fps), ~ = 30°. 

Figure 18. Plot showing erosion rate (mg/g) versus amount of impacting 

particles {gm) for 1075 steel - coarse pearlite, fine 

pearlite, and spheroidized - using 240 ~m SiC. 

(200 fps), ~ = 90°. 

V = 61 mps p 

Figure 19. Cumulative weight loss (gm) versus amount of impacting 

particles (gm) for 1075 steel - coarse pearlite, fine 

pearlite, and spheroidized - impacted with 240 ~m SiC. 

Vp = 61 mps (200 fps), ~ = 15°. 

Figure 20. Plot of erosion rate (mg/g) versus amount of impacting 

particles (gm) for 1075 steel - coarse pearlite, fine 

pearlite, and spheroidized - using 240 ~m SiC. 

{200 fps), ~ = 30°. 

V -;;: 61 mps 
p 

Figure 21. Plot showing erosion rate (mg/g) versus amount of impacting 

particles (gm) for 1075 steel - coarse pearlite, fine 

pearlite, and spheroidized - using 240 ~m SiC. 

{200 fps), ~ = 90°. 

V = 61 mps p 
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Figure 22. Plot of erosion rate (mg/g) versus angle of impingement 

(degrees) for 1075 steel in the coarse pearlite, fine 

pearlite, and spheroidized microstructures using 240 ~m SiC . 

. vp = 30.5 mps (100 fps). 

Figure 23. Plot of erosion rate (mg/g) Versus angle of impingement 

(degrees) for 1075 steel in the coarse pearlite, fine 

pearlite, and spheroidized microstructures using 240 ~m SiC. 

vp = 61 mps (200 fps). 

Figure 24. Photomicrograph of a single particle impact crater on 1075 

steel (coarse pearlite) using 240 ~m SiC: 

(a)* 

(b) 

(c)* 

(d)* 

vp = 61 mps (200 fps), a= 15°. 

V = 107 mps (350 fps), a= 15° p . 

vp = 61 mps (200 fps), a= 90°. 

V = 61 mps (200 fps), a= 15°. p 

* Stereo pair can be viewed with stereo viewer found in 

back cover of ASM Handbook, Vol. 9. 

Figure 25. Photomicrograph of a single particle impact .crater on 1075 

steel (spheroidized) using 240 ~m SiC (stereo pair included): 

Figure 26 

(a) vp = 30.5 mps (100 fps), a= 30°. 

(b) vp = 61 mps (200 fps), a= 15°. 

(c) V = 61 mps (200 fps), a= 15°. p 
(a) & (b) Photomicrographs of cross sections of single 

particle impact craters formed in 1075 steel 

(coarse pearlite) using 1200 ~m diameter SiC. 

vp = 30.5 mps (100 fps), a= 90°. 
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Figure 27. (a) and (b) Photomicrographs of cross sections of single 

particle impact craters formed in 1075 steel 

(spheroidized) using 1200 ~m diameter SiC. 

Figure 28. (a) 

vp = 30.5 mps (100 fps), a= goo. 

Photomicrographs of cross sections of single particle 

impact craters formed in 1075 steel (spheroidized} 

using 1200 ~m diameter SiC. Vp = 30.5 mps (100 fps}, 

a = goo. 

(b) Photomicrograph of a close up of the subsurface crack 

shown in (a). Note: darkened region caused by 

moisture coming out of cracks. 

Figure 2g. Photographs of typical erosion pattern on 1075 steel sample: 

(a) v = p 30.5 mps ( 100 fps), a = 15°. 

(b) v = p 30.5 mps ( 100 fps), a = 30° 

(c) vp = 30.5 mps ( 100 fps), a= goo. 

Figure 30. Scanning electron micrograph of 1075 steel (coarse pearlite) 

surface after multiple particle erosion with 240 ~m SiC: 

(a) vp = 61 ~ps (200 fps}, a= 15°. 

(b) vp = 15 mps (50 fps), a= 15°. 

(c) and (d) Scanning electron micrograph of 1075 steel 

Figure 31. (a) and (b) 

(coarse pearlite) surface after multiple 

particle erosion with 240 ~m SiC. Vp = 15 mps 

·(50 fps), a= 15°. Nital etch. 

Scanning electron micrographs of 1075 steel 

(spheroidized) surface after multiple particle 

erosion with 240 ~m SiC. V = 30.5 mps (100 fps), p . 
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Figure 32. Scanning electron micrograph of cross section of 1075 steel 

{spheroidized) after multiple particle erosion with 240 ~m SiC: 

{a) V = 61 mps (200 fps), a= 30°. 
p 

(b) and (c) V ~ 30.5 mps (100 fps), a= 30°. 
p ' 

(d) 

(e) 

V = 61 mps (200 fps), a= 15°. 
p 

Scanning electron micrograph of cross section of 1075 

steel (spherodized). Not eroded. 

Figure 33. (a) and (b) Scanning electron micrographs of cross sections 

Figure 34. (a) 

of 1075 steel (coarse pearlite) sample after 

multiple erosion with 240 ~m SiC. ·v = 61 mps 
p 

(200 fps), a= 30°. 

Scanning electron micrograph of 1075 steel (coarse 

pearlite) after multiple erosion with 240 ~m SiC. 

vp = 61 mps (200 fps), a= 30°. 

(b) Scanning electron micrograph of 1075 steel (fine 

pearlite) after multiple erosion with 240 ~m SiC. 

vp = 61 mps (200 fps), ~ = 15°. 

Figure 35. (a) and (b) Scanning electron micrographs of cross 
-

sections of 1075 steel {spheroidized) sample 

after multiple erosion with 240 ~m SiC. 

vp = 61 mps (200 fps), a = 90°, 

(c) Scanning electron micrograph of cross section of 

1075 steel (coarse pearlite) sample after multiple 

erosion with 240 ~m SiC. VP = 61 mps {200 fps), 

a = 90°. 
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Figure 36. (a) Optical photograph of 1075 steel surface after 

grooving in both transverse and longitudinal directions. 

(b) Optical photograph of 1075 steel surface after grooving 

in transverse (or longitudinal) direction. 

Figure 37. Plot of erosion rate (mg/g) versus amount of impacting 

particles (gm) for spheroidized 1075 steel showing the 

effects of sample grooving on the threshold behavior. 

Figure 38. Plot of engineering stress versus engi'neering strain for 

Al - 4.75% Cu in the GP Zone and 8' precipitate sizes. 

Figure 39. Plot of true stress versus true strain for Al - 4·. 75% Cu 

in the GP Zone and 8' precipitate sizes. 

Figure 40. Plot of erosion rate (mg/g) versus amount of impacting 

partic 1 es (gm) for Al - 4.75% Cu (GP Zones and 8' 

Precipitates) eroded with 240 pm diameter SiC. Vp = 30.5 mps 

(100 fps), a= 15°. 

Figure 41. Plot of erosion rate (mg/g) versus amount of impacting 

particles (gm) for Al - 4.75% Cu (GP Zones and 8' · 

Precipitates) eroded with 240 pm diameter SiC. Vp = 30.5 mps 

(100 fps), a= 30°. 

Figure 42. Plot of erosion rage (mg/g) versus amount of impacting 

particles (gm) for Al 4.75% Cu (GP Zones and 8' · ~ 

Precipitates) eroded with 240 llm diameter SiC. Vp = 30.5 

mps (100 fps), a= 90°. 

Figure 43. Plot of cumulative weight loss (mg) versus amount of 

impacting particles (gm) for Al - 4.75% Cu (GP Zones and 

e• Precipitates) eroded with 240 pm SiC. VP = 30.5 mps 

(100 fps), a= 15°. 
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Figure 44. Plot of cumulative weight loss (mg) versus amount of 

impacting particles (gm) for Al - 4.75% Cu (GP Zones and 

a• Precipitates) eroded with 240 ~m SiC. Vp = 30.5 mps 

(100 fps), a= 30°. 

Figure 45. Plot of cumulative weight loss (mg) versus amount of 

impacting particles (gm) for Al - 4.75% Cu (GP Zones and 

a• Precipitates) eroded with 240 ~m SiC. Vp = 30.5 mps 

(100 fps), a= 90°. 

Figure 46. Plot of erosion rate (mg/g) versus amount of impacting 

particles (gm) for Al - 4.75% Cu (GP Zones and 8' 

Precipitates) eroded with 240 ~m diameter SiC. VP = 61 mps 

(200 fps), a= 15°. 

Figure 47. Plot of erosion rate (mg/g) versus amount of impacting 

particles {gm) for Al - 4. 75% Cu (GP Zones ·and 8' 

Precipitates) eroded with 240 ~m diameter SiC. VP = 61 mps 

(200 fps), a= 30°. 

Figure 48. Plot of erosion rate (mg/g) versus amount of impacting 

particles (gm) fo_r Al - 4.75% Cu (GP Zones and 8' 

Figure 49. 

Precipitates) eroded with 240 ~m diameter SiC. 

(200 fps), a= 90°. 

V = 61 mps p 

Plot of cumulative weight loss (mg) versus amount of 

impacting particles (gm) for Al - 4.75% Cu (GP Zones and 

a• Precipitates) eroded with 240 ~m SiC. VP = 61 mps 

(200 fps), a= 15°. 
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Figure 50. Plot of cumulative weight loss (mg) versus amount of 

impacting particles (gm) for Al - 4.75% Cu (GP Zones and 

e• Precipitates) eroded with 240 ~m SiC. VP = 61 mps (200 fps}, 

a = 30°. 

Figure 51. Plot of cumulative weight loss (mg) versus amount of 

impacting particles (gm} for Al - 4.75% Cu (GP Zones and 

e• Precipitates) eroded with 240 ~m SiC. Vp = 61 mps 

(200 fps), a= goo. 

Figure 52. Plot of erosion rate (mg/g} versus angle of impingement, 

a, {degrees) for Al - 4.75% Cu {GP Zones and e• Precipitates) 

eroded with 240 ~m SiC. VP = 30.5 mps (100 fps). 

Figure 53. Plot of erosion rate (mg/g) versus angle of impingement, 

a, (degrees) for Al - 4.75% Cu (GP Zones and e• Precipitates) 

eroded with 240 ~m SiC. VP = 61 mps {200 fps). 

Figure 54. Bar graph of erosion rate (mg/g) versus precipitate size in 

the Al - 4.75% Cu system. Erosion conducted with 240 ~m 

diameter SiC traveling at 30.5 mps (100 fps) with a 15° 

impact angle~ 

Figure 55. Bar graph of erosion rate (mg/g) versus precipitate size in 

the Al - 4.75% Cu system. Erosion conducted with 240 ~m 

diameter SiC traveling at 61 mps (200 fps) with a 15° 

impact angle. 

Figure 56. (a) Photograph of Al - 4.75% Cu sample after being 

eroded with 240 ~m SiC. VP = 61 mps (200 fps) 

a = goo. 
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Photograph of Al - 4.75% Cu sample after being 

eroded with 240 ~m SiC. VP = 61 mps (200 fps), 

a= 15°. 

Photograph o~ close'up of ripple pattern seen in (b). 

Direction of impact is from bottom to top . 

. Figure 57. Scanning electron micrographs of cross sections of Al -

4.75% Cu (GP Zones) after being eroded with 240 ~m SiC: 

(a) and (b) v = 61 p mps (200 fps), a = 90°. 

(c) and (d) v = 61 p mps ( 200 fps), a= 15°. 

(e) V = 30.5 mps p . (100 fps), a = 30°. 

(f) VP = 30.5 mps ( 100 fps), a= 15°. 

Figure 58. Scanning electron micrographs of cross sections of Al -

4.75% Cu (e' Precipitates) sample after being eroded with 

240 ~m SiC. 

(a) and (b) 

(c) and (d) 

V = 61 mps (200 fps}, a= 30°. p 

V = 61 mps (200 fps), a= 15°. p 
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