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THE ELEVATED TEMPERATURE EROSION 

OF 1100 ALUMINUM BY A GAS - PARTICLE STREAM* 

Padraic A. Doyle and Alan V. Levy 
Lawrence Berkeley Laboratory 

Berkeley, CA 94720 

Erosion rates of a face centered cubic (FCC) metal, 1100-0 aluminum, 
by SiC particles in a nitrogen gas stream as a function of homologous 
temperature, angle of impingement and particle velocity are presented. 
The effect of elevated temperatures to 0.8 homologous temperature (HT) was 
found to no more than double the room temperature erosion rates in spite 
of the fact that the tensile strength has decreased seven-fold. At a 
particle velocity of 100 fps, the erosion rate decreased with increasing 
temperature to 0.6 HT. Other anomalies occurred that indicate a need to 
modify models for the room temperature erosion of ductile metals to 
account for the observed elevated temperature behavior. 

* This work was supported by the Materials Sciences Division, 
Office of Basic Energy Sciences, Department of Energy under 
Contract No. W-740S-ENG-48. 
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Introduction 

A potential use of large quantities of coal is to gasify it into a low 
or high BTU synthetic natural gas. The gasification process can subject 
component materials to high erosion and corrosion deterioration. As a 
necessary approach to the development and selection of materials for these 
plants, the basic deteriorating mechanisms of erosion, corrosion and 
combined erosion-corrosion must be understood. 

This investigation concerns the erosion of a representative face 
centered cubic (FCC) metal, 1100-Q aluminum. It has the same microsturc
ture as the types of alloys which are currently candidate materials for 
coal gasifier internals. since it c.ou1d be tested at lower absolute 
temperatures than 300 series stainless steels, its selection permitted a 
simpler control of the test environment. 

While much is underst'ood about erosion under ambient conditions (1-6), 
little elevated temperature work has been conducted. A device to run 
controlled erosion-corrosi~n experiments in the simulated environments of 
coal gasifiers is being developed at the Lawrence Berkeley Laboratory. 
Much development effort has been expended in the refinement of the 
erosion-corrosion tester to provide well-controlled, we11-monitored and 
dup1icatab1e experimental test conditions. 

1100-0 a1uminum.was tested in the erosion-corrosion test device in 
this research program. The_material was eroded by a non-reacting gas 
particle stream of SiC (250 ~m to 300 ~m) particles and nitrogen gas. 
Particle velocities were 100 fps and 200 fps. The angle of impingement of 
the particles on the sample, a, was varied from 100 to 90 0 . The gas, 
particle and target material test temperatures were set at various 
homologous temperatures of the target material (the fraction of the 
absolute temperature to the absolute melting point temperature) from 0.32 
to 0.8. 

Test Device 

The erosion-corrosion test device has been designed to simulate a wide 
range of conditions. Figure 1 shows the tester. Figure 2 is a schematic 
of it with the principal components designated. Nitrogen was used as the 
carrier gas for the particles. Test temperatures can range from room 
temperature to 10000C. Achievable velocities range from > 100 feet per 
second to -600 fps. Particle loadings range from 0.05 to 30 1b/100 SCF of 
carrier gas. Gas composition can be varied in future testing as needed to 
simulate part or all of the reactive gases in a coal gasifier with the 
composition monitored by a gas chromatograph system. Solid materials can 
then be subjected to test conditions to determine material behavior in the 
hostile environment of a coal gasifier, simulating all conditions but the 
elevated pressures. The angle of impingement of the gas-particle stream 
is varied by proper placement of the test specimen relative to the 
eroding-corroding stream. 

The function of the device is to mix particles at a known feed rate 
with a gas and bring the resulting gas-particle stream to a desired 
temperature and particle velocity. This gas-particle stream then impinges 
on the test specimen. The test specimen is also at the desired tempera
ture before testing is started and stays at that temperature during 
testing. 
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Fig. 1 - High Temperature Erosion-Corrosion 
Test Device. 
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Fig. 2 - Sche~atic of Test Device. 
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Particles are introduced into the device by means of a pressurized hopper 
that ensures an adequate supply of abras i ve material during testing up to 
several hours duration at solid loadings simulating those that occur in 
coal gasifiers. An auger, powered by a motor and motor controller that 
can be set for various speeds, uniformly feeds particles into the mixing 
chamber. The particles are preheated by the particle radiant heater 
before entering the mixing chamber. The gas or gas mixture also enters 
the mixing chamber after being pre-heated by heating tapes and the gas 
radiant heater. The velocity of the incoming gas, the tumbling action of 
the auger, the relative small size of the abrasive particles and the small 
exit size (3/16 inch I.D.) compared to the size of the mixing chamber 
(1.5 inches 1.0.) ensure a thorough mixing of the particles and the gas 
stream . The exiting gas-particle stream is then further heated by the 
nozzle radiant heater. Uniform stream characteristics are imparted to the 
gas-particle stream as it moves from the mixing chamber, through the 
nozzle, to the nozzle exit approximately 7/8 of an inch above the 
specimen. Gas velocities, and thus particle velocities, are achieved by 
releasing pressurized gas through the device to the near atmospheric 
pressures encountered in the test chamber. The test chamber is attached 
to a settling chamber which collects the particles from the exiting gas. 
The gas is vented to the atmosphere after passing through air filter bags 
which collect the particles not deposited in the settling chamber . 

Particle Velocity Determination 

The erosion-corrosion device uses a velocity measurement device based 
on a design developed by the Metallurgy Division of the National Bureau of 
Standards (7). An air-cooled design was developed to permit velocity 
determinations up to SOOoC. It is shown in Figure 3. It is mounted on 
the test chamber door. The method involves two circular discs mounted on 
a common shaft whose planes are inserted perpendicular to the gas-particle 
stream exiting from the nozzle. The discs are a known distance apart, 
less than 3/4 of an inch. the disc closest to the nozzle exit has a slit 
cut in the radial direction, from its outer edge towards, but not to, its 

XBB 784 -4135 

Fig. 3 - Particle Velocity Measure
ment Device. 

, 4 



• 

center for the passage of particles through the top disc to impinge on the 
lower disc. The insertion of these discs, rotating at a constant rate, 
into the gas-particle stream results in an eroded pattern on the lower 
disc of a replaceable soft, polished aluminum to make the eroded pattern 
more easily observed. This pattern is shifted from a radial line that 
corresponds to the position directly below the slit of the upper disc. 
This measured shift, the radial distance of the pattern, the disc rotation 
rate and the distance between the discs are then used to calculate the 
particle velocity using the following equation: 

v 

where V = particle velocity 

2nRpL 
S 

R = radius from center of disc to center of erOS10n pattern 
p angular velocity of disc 
L distance between plates 
S arc length between reference point and erOS10n pattern 

The National Bureau of Standards suggested the use of gas-particle 
stream without rotation of the discs to erode a mark on the bottom disc to 
set the slit or zero mark reference. Use of this method of defining the 
location of the slit resulted in an error of up to 25% in the zero mark 
determination. This was due to problems of inserting the upper disc slit 
directly below the nozzle exit. One zero mark pattern was shifted a full 
pattern width from where it should have been. The use of a zeroing pin 
between the two discs with zero marks machined on the bottom disc greatly 
enhanced the consistency of the results. Such an approach is recommended . 

The National Bureau of Standards article discusses a not fully 
investigated possible source of measurement error. The rotating discs 
will cause a disturbance of the gas-particle stream. Indeed, a reduction 
of about 1/2 psi with the velocity tester, out of 5 or 6 psi without the 
velocity tester, was noted in the mixing chamber pressure. The velocity 
measurements were made without changing the test device controls from. the 
previous run and the return to previous operating values was observed when 
the device was again operating without the velocity tester. 

Test Description 

Much work has been done in the study of room temperature erosion. 
Comparatively little study of erosion at elevated temperatures has been 
conducted. Tilly (8) has reported some elevated temperature data. 
Smeltzer, et al. (9) have also done some elevated temperature work. 
Pettit, et al . (10-11) and Wright and Herchenroeder (12) are involved in 
ongoing studies of erosion-corrosion processes at elevated temperatures. 

The present study is part of a larger erosion-corrosion investigation 
at the Lawrence Berkeley Laboratory. The aim of the total program is to 
study the erosion and the corrosion processes separately, thus leading to 
a clearer understanding of the operative mechanisms when combined erosion
corrosion tests are conducted. The focus of this work is an investigation 
of erosion rates and their variation with temperature. 

The choice of test temperatures is based on the concept of the 
homologous temperature. The homologous temperature (HT) is defined as: 
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= absolute temperature homologous temperature absolute melting point temperature 

The tests were run at 0 . 32, 0.4, 0.6, and 0.8 HT . Normally, metals are 
not used in structural applications above O.S HT. The material tested 
was 1100-0 aluminum, an example of a face-centered cubic material. 
Silicon carbide was the eroding material; its size ranged from 2S0 ~m to 
300 ~m. It was felt that silicon carbide is an idealized abrasive. Tests 
using char, fly-ash and other abrasives will be done in the future. 
Nitrogen was the carrier gas utilized . The chemical composition of 
silicon carbide, nitrogen and aluminum are fairly stable over the tempera
ture range of interest. Therefore, little or no corrosion took place and 
the erosion process was performed without interference from corrosion 
mechanisms. The angular dependence of erosion rates at room temperature 
is well known. This project's tests also showed similar angular varia
tions of erosion rate at each of the homologous temperatures tested. A 
complete set of experiments were run at each of two velocities, 100 fps 
and 200 fps. 

The erosion experiments were run using the following variables: 

--material tested: 1100-0 aluminum (2.5" by 0.75" by 0.2S") 

--abrasive: Silicon carbide 2S0 ~m - 300 ~m 

--carrier gas: nitrogen 

homologous temperature: 0.32 (room temperature), 
0.4 (99 0 C), 0.6(28S 0 C), 
0.8 (471 oC) 

--angle of impingement: ex 

--particle velocity: 100 

--time of experiment: 30 
10 

Erosion rates are measured 

Erosion Rate = gm Al lost 
gm sic 

10 0 , ISO, 30°, 60 0 , 

fps, 200 fps 

m1n. for 100 fps tests 
m1n. for 200 fps tests 

and reported 1n terms 

90 0 

of: 

It is important to note that particle feed rate tests and particle 
velocity tests were run before and after each experiment to continuously 
check the constancy of the test conditions. 

Discussion of Results 

The results of the experiments were plotted in two ways: erosion rate 
(gm/gm) vs . angle of impingement, ex, for each homologous temperature and 
velocity tested; and erosion rate (gm/gm) Vs. homologous temperature for 
each angle of impingement and velocity tested . 
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A. Erosion Rate Vs. Angle of Impingement 

1. 100 f~S Velocity At all homologous temperatures tested (0.32, 
0.4, 0.6, 0.8 the familiar effect of impingement angle on rate of erosion 
was observed (Figure 4). The peak erosion rate occurred near a = 150 

for all temperatures. At 100 fps particle velocity, the rate of erosion 
decreased with increasing temperature for all temperatures tested except 
for 0.8 HT. This indicates that the direct relationship between erosion 
resistance and hardness or strength does not hold at elevated temperatures 
for the particle velocity in this test series. The tensile strength of 
1100-0 aluminum decreases from 13,000 psi at RT to 8500 psi at 0.6 HT. 
The slopes of the curves for the 0.32, 0.4, and 0.6 HT tests are approxi
mately the same for angles up to a = 45 0 indicating that the erosion 
mechanisms of low impingement angle erosion was the same at the lower 
temperatures. The erosion rate at all three of the lower temperatures was 
approximately the same for the a = 90 0 tests. 

The 0.8 HT curve slope is approximately 1/2 that of the lower 
temperatures, indicating a different mechanism is probably occurring. The 
difference in the erosion rate between peak rate at a = 15 0 and the 
a = 90 0 rate for the 0.8 HT tests is approximately 1/2 of that of · the 
lower temperature curves. This indicates that the effect of impingement 
angle on erosion rate is markedly decreased at 0.8 HT. At a = 90 0 the 
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Temperoture 

Particle Velocity =IOOfps 
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Fig. 4 - Erosion Rate vs. Angle of Impingement -
100 fps. 
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erosion rate of the 0.8 HT test was approximately 50% higher than the 
rates observed at the three lower temperatures. 

The patterns of erosion shown in Figure 5 indicates a consistent 
pattern of surface ripples for the lao, 150 , and 300 impingement 
angles and a bump or mogul (a term used in snow skiing wherein alternating 
depressions and mounds occur on a ski slope due to skier use.) type 
pattern for the 60 0 and 90 0 angles. The patterns intensify in depth 
and the width of each ripple -increases with increasing temperature. Since 
the rate of erosion is decreasing with increasing temperatures for the 
lower three temperatures, it is possible that an increasing amount of 
plastic flow without corresponding increased metal removal is occurring to 
consume the kinetic energy of the impacting particles. The depth of the 
erosion and severity of the patterns formed at the higher temperatures 
indicate a modification of the actual impingement angle with time. 

2. 200 fps Velocity At the higher velocity, the effect of 
impingement angle on erosion rate is decreased (Figure 6). While the 
curves have the same general shape, the difference between peak rate and 
a = 90 0 rate is less, particularly for the 0.8 HT tests where the 
difference is only 15%. Note that the rate of erosion has increased by 
approximately 1 order of magnitude between 100 and 200 fps. Also, the 
rate for 0.8 HT 1S now 100% higher than for 0.32 and 0.4 HT and 40% higher 
than for 0.6 HT at a = 90 0 . 

In the higher velocity tests, the peak angle is still near a = 150. 
The actual peak may be somewhat higher as no tests were performed between 
150 and 30 0 (this may also be true for 100 fps). Unlike the 100 fps 

100 fps 
HT = 0.4 (99°C) 

11 em 1 

XBB 784-4454 

o Fig. 5 - Patterns of Erosion at 0.40 (99 C) at 100 fps. 
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Fig. 6 - Erosion Rate vs. Angle of Impingement - 200 fps. 

tests, the rate of erosion increases with temperature, a more expected 
occurrence, considering the decrease in hardness and strength with 
increasing temperature. The slope of the curves at the three lower 
temperatures are approximately the same for angles up to approximately 
45° as they were at 100 fps but the slope of the 0.8 HT curve is now 
less than 1/2 of that at the other temperatures, again indicating that a 
different mechanism of material loss may be occurring at 0.8 HT. 

The same patterns of erosion occur at 200 fps as at 100 fps (Figure 7) 
except they are more intense for each temperature tested. Ripples occur 
at 10°, 15°, 30 0 and moguls at 60° and 90 0 . 

B. Erosion Rate Vs. Homologous Temperature 

1. 100 fps Velocity The effect of increasing temperature on the 
erosion rate is shown in Figure 8. It can be seen that at the lower 
impingement angles where micro-machining is the predominant mechanism of 
material removal and surface ripples occur (Figure 9), the effect of 
increasing temperature to 0.8 HT has a relatively small effect on erosion 
rate. While the tensile strength of the material has decreased from 
13,000 psi to 4000 psi from 0 . 32 to 0.8 HT with a similar reduction in 
hardness, the erosion rate has decreased at a = 10° and 15° and 
remained the same at a = 30°. 
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Fig. 7 - Patterns of Erosion at 0.40 (99 0 C) at 200 fps. 
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Fig. 8 - Erosion Rate vs. Homologous 

Temperature at 100 fps. 
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100 fps 15° 

HT = RT 
RT 

HT = 0.4 
99 ° C 

HT = 0.6 
285 ° C 

HT = 0.8 
471 ° C 
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XBB 784-4450 
Fig. 9 - 15° Impingement Angle at Var i ous Temperatures - 100 fps. 

Thus, the flow stress of the material which relates directly with 
strength and hardness and is known to have an inverse relationship to 
erosion rate at room temperature does not maintain this effect at elevated 
temperatures for shallow impingement angles. The difference between the 
lowest and highest erosion rates at the steep impingement angles of 60° 
and 90°, where mogul patterns develop (Figure 10), is 120% and 71% 

100 fps 90° 

HT = RT 
RT 

HT 0.4 
99 " C 

HT 0.6 
285 " C 

HT ~ 0 .8 
471 -' C 

11 em 1 

XBB 784-4449 

Fig. 10 - 90° Impingement Angle at Various Temperatures - 100 fps. 

11 



respectively. This difference is still far less than the flow stress 
changes, indicating that the flow stress term in the micro-machining 
erosion model (1) should be reassessed for elevated temperature erosion. 

An orderly transition in the shape of the curves occurs as the 
impingement angle changes, from a decrease in the erosion rate at low 
angles, to having a minimum at 30 0 and 60 0 , to an increase for 90 0 . 

There is no break in the shape of the curves at 0.8 HT to indicate a 
different mechanism of erosion as was noted in the curves relating erosion 
rate to impingement angle . 

2. 200 fps Velocity The effect of increasing temperature on erosion 
rate is somewhat different at 200 fps (Figure 11). The erosion rates 
still have a relatively small change for the shallow angles where ripples 
occur (Figure 12) compared to the steeper angles where moguls occur 
(Figure 13), but all rates increase with temperature. Again there is an 
orderly change in the geometry of the curves. No break in behavior occurs 
at 0 . 8 HT. 

EROSION RATE VS HOMOLOGOUS TEMPERATURE 

4.0r--------r-------.,-------,--------, 
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Tesl Durolion • 10 min. 

Angle of 
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0.4 0 .6 0 .8 
HOMOLOGOUS TEMPERATURE 

900 

1.0 
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Fig. 11 - Erosion Rate vs. Homologous 
Temperature at 200 fps. 
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Fig. 12 - 15° Impingement Angle at Various Temperatures - 200 fps. 
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Fig. 13 - 90° Impingement Angle at Various Temperatures - 200 fps. 
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Conclusions 

1. The increase in erOS10n rate of a face centered cubic metal, 
1100-0 aluminum at temperatures to 0.8 homologous temperature (471°C) 
does not exceed twice its room temperature rate at all angles of impinge
ment in spite of the fact that the tensile strength decreases by a factor 
of 3.25. The flow stress term in the micro-maching model of low angle 
impingement erosion at room temperature must be reconsidered for elevated 
temperature erosion. 

2. At low impingement angles and a velocity of 100 fps, the erosion 
rate decreases with increasing temperature to 0.6 HT. At 200 fps, the 
erosion rate increases with increasing temperature. 

3. The effect of angle of impingement on erosion rate is markedly 
decreased at homologous temperatures near 0.8. At lower elevated tempera
tures, the typical erosion rate Vs. angle of impingement curve with a peak 
rate around 150 occurs. 

4. The slope of the curve of impingement angle vs. erosion rate for 
0.8 HT is approximately 1/2 that of the curves for lower temperatures, 
indicating that a different loss mechanism may be predominant at the 
highest temperature. 

5. A pattern of ripples forms on the surface of the metal at the 
lower impingement angles (10 0 , 150, 300 ) and a pattern of moguls 
(alternating depressions and mounds) occurs at the high impingement angles 
(60 0 , 90 0 ). 
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