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DESIGN, CONSTRUCTION, AND INITIAL RESULTS
FOR AN EROSION-CORROSION TEST SYSTEM*

J. K. Keiser

ABSTRACT

Erosion and erosion-corrosion are among the most
serious forms of material degradation encountered in
coal conversion and combustion systems. To improve our
understanding of such phenomena, a unique system has
been constructed to perform erosion and erosion—
corrosion studies in a specially modified scanning
electron microscope. This microscope incorporates a
gun that shoots erosive particles at a target specimen
and also a hot stage that can heat both the test speci-
men and a corrosive gas directed onto the specimen sur-
face. TInitial results show that the system is capable
of novel studies of erosion and erosion—-corrosion,
which should lead to improved understanding of those
degradation modes.

INTRODUCTION

Erosion and erosion-corrosion can cause considerable material
degradation in systems such as gas turbines and coal conversion systems, so
many researchers have studied those problems. Generally the work is per-
formed with a gas gun, which directs a gas stream loaded with solids onto
the target. The erosive particles are approximately the size of particles
in the systems of interest. Because many grams and even hundreds of grams
of particles strike the surface before the surface is examined, only cumu-
lative effects are measured; little or nothing is learned about the
response of the target material to individual impacts.

Studies in which single particles are used to investigate the basic

deformation response of the target have employed particles considerably

*Research sponsored by the U.S., Department of Energy, AR&TD Fossil
Energy Materials Program [DOE/FE AA 15 10 10 O, Work Breakdown Structure
Element ORNL-3(C)] under contract DE~ACO5-840R21400 with Martin Marietta
Energy Systems, Inc.



larger than those found in the systems of interest. Consequently it is not
clear that the material behavior observed in the experiments 1is character-
istic of that under impacts by much smaller particles.

An additional shortcoming of most‘work performed up to thils time is that
material reacted at elevated temperature 1is not examined until it has
cooled. The change in temperature can result in spallation of scales or in
a phase change, so the material examined at room temperature is not
necessarily representative of that existing at operating conditions of the
systems of interest.

We have constructed a system that permits studies of the impact
effects of single particles of the size found in coal conversion systems.
Furthermore, the test samples can be examined at temperature and under

corrosive conditions with a scanning electron microscope.
EXPERIMENTAL SYSTEM

OVERVIEW

The experimental system is based on an ISI Super IIIA scanning electron
microscope* (SEM) specially mcdified to permit in-situ studies of the
erosion, corrosion, and erosion-corrosion characteristics of metallic or
ceramic surfaces. The major additions to the SEM are a gun, which shoots
individual particles at a sample at high velocity, and a hot stage, which
heats the specimen and the corrosive gas and directs the gas onto the
sample surface.

The velocity of the erosive particles fired from the gun is measured
by a photoelectric timing device im the gun barrel. The particles are
propelled by pulses of gas, which are regulated by a specially built
device that controls the duration of electrical pulses to the solencid
valve. The propellant gas is rapidly removed from the SEM chamber by a
turbomolecular pump that supplements the standard SEM pumping system.

A commercial gas flow control system delivers a stream of corrosive
gas to the specimen surface. Diffusion of this gas into the SEM filament

area is minimized by rapid removal of the gas with the turbomolecular pump.

*Manufactured by International Scientific Instruments, Inc., Milpitas,
Calif.



During elevated-temperature operations and corrosion studies, rapid
acquisition of a high-quality image is imperative. Because operation at
high temperature or increased gas pressure can degrade the image and
because the SEM camera requires at least three minutes per picture, an
image enhancement system was added to the SEM to permit rapid acquisition
of images whose quality is considerably better than those obtained in the

normnal manner.

EROSIVE-PARTICLE GUN

One of the most significant additions to the SEM is a gas gun that pro-
pels 0.343-mm~diam (0.0135-in.) tungsten carbide balls. Many researchers
have built guns to shoot particles; however, most have been designed for

larger balls or for multiple-particle shots.!»?

The current design was
twice modified to 1mprove the method of relocading and bringing the next ball
into firing position. The first design incorporated a spring-activated
reloading mechanism and a cylinder that rotated on an axis perpendicular to
the barrel. Although balls were successfully fired frow this gun, the
reloading mechanism never worked satilsfactorily. The second design had a
dovetailed sliding connection to move balls from a spring—loaded ball holder
into the firing chamber (Fig. 1). This gun was used for the initial
experimental studies, but, as with the first design, reloading was a
problem. The barrels of the first two guns were fabricated from type 304
stainless steel hypodermic tubing [0.635 mm (0.025 in.) outside diam,

0.330 mm (0.013 in.) inside diam}. 7The gun bodies were wmachined from

brass.

The third and latest gun I1s easier to reload and has a built-in veloc—
ity measurement system. This gun,:shown in Fig. 2, is built on a flange
that mounts directly bn the SEM chamber. On the outside of the flange are
the gas inlet tube, a l4-pin electrical connector for communication with
the control and measurement panel, and a rotatiﬁg knob for advancing a ball
into firing position. On the inside of the flange, the teeth of a gear can
be seen between two brass plates. This gear is rotated by a gear connected
to the hand knob. As shown in Fig. 3, it rotates to position the projec~
tile between the gas supply tube and the gun barrel. The gear has 40 pre-
cisely drilled holes arranged in two concentric rings of 20 holes each.

The outer ring acts as an alignment guide for positioning the projectiles,
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Fig. 1. Schematic drawing of the second version of the erosive-
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Fig. 2. Erosive-particle gun currently in use.
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Fig. 3. Schematic drawing of the currently used erosive-particle gun.

while the inner ring carries the projectiles, i.e., serves as a 20-shot
revolver cylinder. A light-emitting diode and photon collector located
near the bottom of the gun are used to position the gear so that a hole (on
the inner ring) brings a projectile into alignment with the gas supply tube
and gun barrel, which are exactly 180° away from the bottom hole. Proper
positioning is indicated when the signal from the collector is maximized as
indicated by a meter on the control panel. |

A charge of gas of controlled pressure and duration projects the ball
through the barrel. Carbon dioxide has been used as the propellant gas.
It has the advantége that the ambient equilibrium pressure between gaseous
and liquid carbon dioxide in the gas cylinder [about 6.4 MPa (930 psi)]
cannot exceed the maximum pressure for solenoid valve operation, thus pro-
viding a safeguard against regulator failure. For the same pressure,
higher projectile velocities could be attained by using gases of lower
molecular weight,l so, 1f higher velocities are needed, a lighter pro-
pellant gas will be adopted. If lower velocities are desired, lower car-
bon dioxide pressures are used. Particle velocities used in experimental
studies are generally in the range 15 to 45 m/s (50-150 ft/s), but veloci-
ties as high as 90 m/s (300 ft/s) have been attained.



The tip of the barrel is visible in Fig. 2, which also shows the
wiring harness and printed circuit (pc) boards that are mounted on the
brass piece that supports the barrel. This wiring harness and the pc
boards are the main components of the velocity measurement system, which is
described below. The barrel for this gun was fabricated from type 316
stainless steel capillary tubing [{1.59 mm (0.0625 in.) outside diam,

0.254 mm (0.010 in.) inside diam]. The inside diameter is enlarged by
drilling to be slightly larger than ball diameter. The other large pieces
of the gun, including the large gear, are made of brass.

The gun 1s tirmly attached to the SEM sample chamber, and the specimen
holder and hot stage are tilted to change the angle of impact of the erodent
particles on the specimen surface. The impact angle can be varied from 10
to 90° (at 90° the plane of the specimen surface is normal to the flight
path of the erodent particles).

As built, this gun shoots standard 0.343-mm—-diam (0.0135~in.) tungsten
carbide balls, which are purchased from a ball bearing manufacturer. Cobalt-
bonded tungsten carbide is used because of its high hardness. The 0.343-mm
slze was chosen because of the limited availability of smaller sizes and
because formidable machining difficulties would be encountered in

building a gun for much smaller balls.

VELOCITY MEASUREMENT SYSTEM

It is essential to know the velocity of a ball when it strikes the
target in order to relate the impact damage to the momentum or kinetic
energy. A time-of-flight device was designed by engineers in the ORNL
Instrumentation and Controls Division to record the travel time of the pro-
jectile over a fixed distance through the barrel. Light beams from two
light-emitting diodes separated by 25.4 mm (1.00 in.) are directed
through a pair of aligned narrow holes in the barrel and into a collector.
Interruption of the light beam by a particle causes a pulse in the
electrical signal from the collector. This is a commonly used technique,
and the design and construction of such a timing device would be straight-
forward if it were not for the small size of the balls. To ensure that the

column of light is completely shadowed by the ball as it passes through the



barrel, the light shaft is confined to 0.25 mm diam (0.010 in.). This
results in a relatively small steady—-state source of light energy reaching
the collector; consequently, the electrical current signal is relatively
weak. In addition, a ball traveling 30 m/s totally interrupts the light
beam for only about 10 ps; thus, the electrical signal pulse is very short.
Because of these conditions, fast high-gain preamplifiers are required to
convert the start and stop current signals into signals that can be used to
control digital time-of-flight measurement circuitry. The time between the
detection of the first and second ‘pulses is measured by using the pulses to
start and stop a 1-MHz clock that 1s connected to a counter. The resulting
count divided by the 1-MHz clock rate equals the particle's time of flight
with Fl-us accuracy. The velocity (Vf) is then determined from the

time of flight (£f) and the separation distance of the diodes (dg):

Ve = dg/ty .

GAS PULSE DEVICE

Gases introduced intoc the SEM can cause damage to the filament used to
supply electrons for the microscope and can cause focusing problems.
Although extra pumping capacity* has been added to this system, it is
desirable to keep the amount of gas introduced into the sample chamber to a
minimum when the gun is fired. Therefore, it is important to limit the
duration of the gas pulse used to:propel the piojectile. This requires a
fast—acting solenoid valve to open and close the gas supply and an equally
fast electronic circuit to control the electrical pulse to the solenoid.
The present circuit provides a short-duration, higher-voltage signal to open
the valve quickly and then maintains a lower—-voltage output to hold the
valve open for a preset time. For most applications, the full pulse dura-
tion is 15 ms, although the duration can be varied from 5 to 1000 ms.

Thus, the pulse duration can be optimized to achieve the needed particle

velocity with the minimum gas load.

*See subsequent discussion of the turbomolecular pump.



HOT STAGE

Hot stages for a SEM with and without the capability to heat and
direct a corrosive gas have been described in the literature.3"® Our

first hot stage, shown in Fig. 4, was fabricated from a machinable glass

Y-201451

Fig. 4. Original hot stage designed and constructed at ORNL for
heating a sample and a corrosive gas for in-situ corrosion studies.



chosen because of its fabricability and relatively good insulating proper-
ties. A commercially available® ceramic heater, 12.7 mm in diam (0.5 in.)
and 1.59 mm thick (0.0625 in.), provided an upper temperature capability
of 700°C. Reactive gases used for corrosion studies were heated by
passing them through a channel machined into the body of the hot stage.
Both ends of the channel were terminated by a female tapered ground glass
joint. Quartz tubes were machined to fit these joints, and the quartz tube
at the gas exit was bent into an inverted J shape so that the hot gas could
be directed onto the hot surface of a sample mounted on the hot stage. The
quartz inlet tube was connected to a coil of plastic tubing that led to a
gas feedthrough on the SEM door. The hot stage was equipped with four
chromel-alumel thermocouples to measure the sample temperature, control the
heating element, and monitor the temperature in two locations at the base of
the hot stage.

During early studies with the hot stage, it was found necessary to add
a cooling system that would maintain the SEM stage mounting disk at an
acceptable temperature to accommodate adjacent nylon gears. The original
brass disk was replaced with a copper disk to which was brazed a coil of
copper tubing 3.18 mm (0.125 in.) in outside diameter. Flexible coils of
plastic tubing connected the copper cooling coil to feedthroughs on the
SEM door. Air or water was passed through this cooling coil.

A new hot stage was fabricated to our specifications by a SEM equipment
supplier.T This hot stage, shown in Fig. 5, includes a gas preheating
system similar to that on the first hot stage and a water—cooled copper heat

sink. It 1is capable of operation at temperatures of at least 1100°C (2012°F).

GAS FLOW CONTROL SYSTEM

The supply of corrosive gas to the hot stage is regulated with a com—
mercial gas flow control system. This system uses a flow measuring trans-—
ducer that gives a signal to a controller. The controller compares the
flow rate measured with the controller flow rate setting and then adjusts a
solenoid valve to give the desired flow rate. Because only a very small

volume of gas is needed (typical flow rates are 2-8 cm3/min), the flow

*Uittman Materials & Medical Components, Inc., Columbia, Md.
tErnest F. Fullam, Inc., Latham, N.Y.
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Fig. 5. Hot stage purchased from Ernest F. Fullam, Inc., with capa-
bility for operation at 1100°C.

transducers used were the smallest-capacity units commercially available.
The partial pressure of the corrosive gas at the sample surface is estimated

from a form of the Hertz-Langmuir equation used by Rapp:l+

Imaz = A Pi/(2 m RTM;)Y/2



11

Imaxr = molecular flow rate (mole/sec),

P; = gas pressure (dynes—cm‘z),

M; = molecular weight of gas (g~mole'1),

R = gas constant (8.31432 x 107 g cm? sec”2 mol™! k1),
= temperature (K),

A = exposed area (cm?).

TURBOMOLECULAR PUMP

The turbomolecular pump, Balzers model TPU—330,* was added to the
system to rapidly remove gases introduced into the microscope when the gun
is fired or when corrosive gas is used during in-situ corrosion studies.

The turbomolecular pump used has a rated nitrogen pumping capacity of

300 L/s and permits continuous operation of the SEM during corrosion studies.
To attach the pump to the SEM, a 51-mm~diam (2-in.) hole was cut in the
right side of the sample chamber (the side opposite the mounting location of
the SEM detector tube and the erosive particle gun), and a large~diameter
vacuum—tight tube was connected to the pump. A bellows was included to aid

vibration damping.

IMAGE ENHANCEMENT SYSTEM

A CrystalT image enhancement system was incorporated to improve the
quality of the displayed image and to make a permanent digital record of
the image. In addition to standard noise reduction features, this
system accepts a slow scan input signal and has the capability to digi-
tally store images on a hard disk. The standard features include signal
averaging, integration, crispening, and filtering. In signal averaging,
the image displayed on the monitor is a running average over an
arbitrarily selected number of frames; this provides an effectively real-
time image with greatly reduced noise levels. The integration feature
provides a frozen image which is an average taken over an operator-

selected number of frames for noise reduction. Crispening and filtering

*Manufactured by A. Pfeiffer GmbH, Asslar, Federal Republic of Germany.
tManufactured by Quantel, Palo Alto, Calif.
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features can be used on this frozen image to improve the resolution of
surface features. The image storage option allows the Crystal system to
digitally store up to 32 of these noise-reduced, edge—enhanced images on a
hard disk. Hard copies (photographs) of the stored images can be made
from the Crystal monitor or the SEM photographing monitor.

OTHER MODIFICATIONS

The heat radiated into the SEM sample chamber during operation of the
hot stage, along with an Increased partial pressure of the corrosive gas,
can cause degradation of SEM components. The scintillator disk and the
final aperture are especially susceptible to declines in performance.
Problems with the final aperture are solved by cleaning or replacing the
aperture. The problems with the scintillator disks are minimized by using
quartz disks with a carbon coating over the phosphor instead of the stan-
dard aluminum coating over the phosphor on a glass or plastic disk. This

technique was described in more detail by Castle and Hunt .>

COMPLEMENTARY EQUIPMENT

Two pleces of experimental equipment (not part of the modified SEM) are
being used as accessory tools to provide additional, complementary experi-
mental information. An Alpha-Step 200* profilometer is being used to make a
two—dimensional scan of surface features resulting from particle impacts or
corrosion. Impact crater depths and diameters can be determined from
recorder traces of the profilometer scans, and the height and extent of
extruded 1lips can be estimated. A Nanoindenter,T which is an ultralow-load
microindentation apparatus, is used to measure the hardaess in and around
impact craters. This device performs a constant strain rate indentation
test to determine the hardness as a function of depth by measuring the force

needed to move the indenter to progressively greater depths.

*Manufactured by Tencor Instruments, Mountain View, Calif.

tNanoindenter Instruments, Inc., Knoxville, Tenn.
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INITIAL RESULTS

The system we have described was completed in January 1986. However,
we performed several experiments during and subsequent to construction, and
considerable information of significant scientific value has been obtained.’
Because the purpose of this report is to describe the experimental system
rather than to provide detailed experimental results, only examples of
results will be presented. Detailed explanations of the data and their
scientific significance will be provided in subsequent papers.

A ball fired from the gun damages the surface of the target material in
a manner determined by the properties of the ball and of the target. For a
ductile target material and a ball with sufficient velocity, an impact

,crater is formed. The impact angle has a strong influence on the crater
shape, while the ball velocity and the properties of the ball and target
material determine the crater depth. Figure 6 shows impact craters formed
by balls striking at 30° and 90°. Both impacts caused extrusion of material
from the craters; for the 30° impact, considerable material piled up at
the exit end of the crater, while the 90° impact produced a lower mound of
material all arocund the crater.

The dimensions of an impact crater are determined with the profilom-
eter. Figure 7 shows a SEM micrograph of a crater and the profilometer
recorder trace of the same crater. Clearly the profilometer data provide
better measurements of crater length, crater depth, and 1lip height than
those obtained from SEM micrographs.

A standard microhardness tester makes indentations about the same size
as the craters made by the tungsten carbide balls we use. Because we need
measurements of the properties of the surface in and around the craters, a
small indentation hafdness tester was needed. We use the recently developed
Nanoindenter® to measure the hardness near and at the center of a crater.
Recent studies with a nickel-base alloy indicated that the material in the
bottom of a crater is generally harder than that on the unaffected sur-
face. Figure 8 shows a 90° impact crater on a nickel-base alloy and the

six indentations made by the Nanoindenter.
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Fig. 6. Craters formed in 4340 steel at room temperature by impacts
of spheres traveling 30 m/s with impact angles of (a) 30° and (b) 90°.
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Fig. 7. (a) Secondary electron image and (b) profilometer trace for
an impact crater formed on Berylco 25 by the 30°-angle impact of a
tungsten carbide ball at 30 m/s.
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JK555

Fig. 8. Impact crater on Hastelloy C-276 formed by 90° impact of
tungsten carbide ball traveling about 30 m/s. Indentations formed during
hardness measurements with the Nanoindenter are shown in the crater.

The hot stage has been used to heat a sample for elevated-temperature
impact studies and for corrosion experiments with low-pressure oxygen. The
growth of whiskers and nodules of oxides has been monitored on iron, nickel,
and cobalt alloys. An example of nodule growth on an 80% Ni—20% Cr alloy
is shown in the photographic sequence in Fig. 9.

Eventually, erosion and corrosion will be performed simultaneously on a
sample in the SEM. Although our studies have not yet reached this stage,
erosion studies have been performed on samples oxidized outside the SEM.
Figure 10 shows the impact crater made by a ball hitting a preoxidized
type 304L stainless steel sample at a 30° angle. Further studies will
determine if the apparent ductility displayed by this oxide scale is typical

for impact and oxidation conditioms.
SUMMARY
A unique system has been constructed to perform erosion and erosion-

corrosion studies in a specially modified SEM. This microscope incor-

porates a gun that shoots particles at a target specimen in the SEM and a
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Fig. 9. Example of the formation and coarsening of oxides on 80%
Ni—20% Cr sample oxidized at 560°C in about 6 x 10~° atm oxygen.
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Fig. 10. Impact crater formed at 676°C by an impact with an incident
angle of 30° on preoxidized type 304L stainless steel.

hot stage with the capabilities of heating both the specimen and the
corrosive gas directed onto its surface. The premise is that the damage
caused by single and multiple impacts of the particles can be related to
erosion of alloys in systems of interest. Our initial results show that
the system is capable of novel studies of erosion and erosion-corrosion,
which should lead to improved understanding of those methods of materials

degradation.
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