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MECHANISMS OF EROSION/CORROSION OF METALS
AND THEIR OXIDE SCALES

A. Levy, R. Bellman, Jr., and J. Maasberg
Lawrence Berkeley Laboratory

University of California
Berkeley, California 94720

I. INTRODUCTION

LBL-l2023

The presence of small particles of coal and char in
moving reactive gases at elevated temperatures in coal gasi
fiers creates a hostile environment that has caused surface
degradation of metallic components in pilot plant operations.
This has generated research projects to determine how materials
resist the combined erosion-corrosion surface degradation that
can occur. Investigations of comparative materials behavior
in char-reactive gas erosive streams (1) and as valve seats
and stems (2,3) have determined which current materials have
the most promise for service in coal gasifiers. The objective
of the work reported herein is to provide some insight into the
basic mechanisms of degradation that occur when a small parti~

cle impacts on a bare metal surface or on one that contains a
thin oxide scale. It is hoped that understanding how material
is removed from the surface will provide the basis for select
ing operating conditions and developing more resistant materi
als that will result in less materials degradation.

II. DUCTILE METAL EROSION MECHANISM

Background

Recent work in studying the erosion behavior of materials
(4-6) has relied upon older, established mechanisms of behavior
that were based on research performed in the 1950's and 1960's
in support of oil catalytic cracking and helicopter engine
problems. The mechanisms were based on a micro-machining con
cept where the impacting particle penetrates the target a small
amount, translates along the surface removing material ahead
of it in a machining mode and finally leaves the surface (7).

This work was supported by the Director, Office of Energy Research,
Office of Basic Energy Sciences, Materials Sciences Division of
the U.S. Department of Energy under Contract W-7405-ENG-48.
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A refined model was developed for this mechanism by Finnie
that utilized the equation of motion of the particle tip to
define an amount of target material that was removed (8).
The scanning electron microscope (8EM) with its capability
to achieve great depth of field at high magnifications which
makes it possible to observe-what is physically happening on
an eroding surface was not available to Finnie and others at
the time of their pioneering work.

The micro-machining model has had several problems in
predicting the amount of material lost from a surface under
a variety of test conditions. Further, it never was able to
properly account for erosion at high impingement angles (9,10).
Investigators all tended to use the equation of motion of the
particle translating along the surface of the specimen as a
starting point for developing an analytical model.

Some investigators have attempted to look at the mechanism
of erosion from a physical standpoint. To be able to observe
what was happening, they used large single particles, milli
meters in diameter, and fired them individually at target sur
faces (11,12) or even held the particle fixed and fired the
target material at it (13). In these types of tests, the con
centrated kinetic energy from the large mass of the impacting
particle was not representative of the much smaller particies
(1-500 ~m) that occur in real erosion environments. Hence,
such phenomena as surface melting of the target was observed,
an occurrence never seen on actual eroded surfaces.

In early erosion mechanism work performed in this 1abora~

tory (13,14) on eutectoid carbon steel, 1075, the threshold
phenomena and the effect of cold working on erosion were meas
ured. In both instances the measured erosion was opposite to
that which the micro-machining mechanism would account for.
Figure 1 shows the amount of erosion that occurred upon suc
cessive 60 gm quantities of 250 llm SiC impacting on three dif
ferent eutectoid steel microstructures. It can be seen that
there is a period at the beginning of the tests where no ero
sion occurred followed by a period where increasing amounts
of erosion occurred. A steady state amount of erosion was
finally reached. The same pattern of behavior was observed
in aluminum alloys.

If micro-machining was the primary mechanism of erosion,
the initial impacts should have eroded as much or even more
material than subsequent impacts. Further, continued micro
machining should have work hardened the surface, decreasing
the amount of erosion as the amount of eroding particles in
creased. The opposite occurred. To investigate the effect
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Fig. 1. Erosion of 1075 steel

of work hardening on the erosion behavior of the steel, the
spherodized steel was cold rolled up to 80% reduction prior to
the initiation of erosion. Table I shows the results of the
cold rolling experiment. As the amount of cold rolling and ac
companying hardness increased, the amount of erosion increased
toward the steady state level. This is opposite to the behavior
that should have been achieved by cold rolling as increased
hardness should have made micro-machining more difficult.

In order to determine what actually occurs when particles
strike a ductile metal surface, carefully controlled experi
ments were conducted wherein fresh and steady state surfaces
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were eroded on an interrupted basis with SEM observations of
the same small surf2ce area made between each erosion sequence.
This required indexing of the surface so that an area as small
as 1000 ~m2 could be precisely relocated after repeated removals
and replacements of the specimen on the SEM stage. The result
was what is believed to be the first documented history of an
eroding ductile metal surface. This painstaking experimental
work showed that the basic removal mechanism was not micro
machining but rather a combined forging-extrusion action that
produced thin platelets of highly distressed metal that were
finally knocked off the surface by succeeding particles.

Table 1. Effect of Cold Work on Erosion of Spherodized 1075
Steel.

%Cold Hardness, VHN Initial erosion rate from
worked 1000 gm. load 60 gm. of SiC particles

0 162 9.8 x -3
10 mg/g

20 242 10.3 x -3
10 mg/g

40 262 14.9 x
-3

10 mg/g

60 288 16.6 x
-3

10 mg/g

80 316 17.2 x -3
10 mg(g

steady state erosion rate

-3
22 x 10 mg/g

Experiment Description

The test materials used were 1100-0 aluminum, a low
strength, single phase, FCC metal and 7075-T6, a high strength,
multi-phase FCC aluminum alloy. The 1100-0 aluminum is similar
in microstructure and strength at the ambient erosion test
temperature to the 300 series stainless steels used in coal
gasifier internals at elevated temperatures near 1000oC. The
7075-T6 aluminum alloy at its high room temperature strength
can be compared to the low strength of 1100-0 aluminum to
relate strength and attendant hardness and ductility to the
behavior mechanism.
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All of the tests were performed in an air blast tester
which has a 3/16" dia. nozzle. The particles were 600 llm
silicon carbide delivered ata velocity of 100 :t:ps and a solids
loading of 0.1 gm/sec. The impinge1llent angles used were 300

and 900 • The tests were conducted in short but'$ts of particles,
generally 0.1 to 19m at a time.

A sequential erosion technique is utilized to observe the
erosion mechanism. An uneroded specimen is marked at a control
point with several microhardness indentations. This control
point served as a reference for each relocation of the same
areas on the specimen's surface when it is observed in the
scanning electron microscope (SEM) alter each succeeding burst
of particles. The marked specimen is placed in the erosion
machine and a small amount of particles , typicallyQ.l g or
500-1000 particles, impact the surface. The specimen is then
removed from the tester and arbitrary areas within the erosion
zone are microphotographed in detail. UsuallyJ to 5 areas
will be chosen. The specimen is returned to the exact position
it occupied previously in the erosion tester and again impacted
with the same amount of particles. The previously selected
areas are re-examined with the SEM and the damage caused by
this second blast of particles is then microphotographed.
The cyclic process of erosion--observation is continued until
enough data is gathered, usually 3 to 8 cycles.

The method is equally well applied to an already eroded
surface. In this ca,se,<the speci1llenis first impacted with
a large amount of partiCles (500 gm)to bring the specimen
into the constant erosion rateregi1lle. After achieving this
steady state surfacef<the specimen is then referenced with
the microhardness indentations.. After these preparations,
the sequential erosion technique proceeds

Results

The surface of an 1100-0 aluminum speciInen is shown; in
Fig. 2. The afuount of surface deformation that occurs after
0.1 gm of particles i1llpactata 90oi1llpinge1llent angle at 100
fps can be seen in the upperileft photo.. Higher magnification
photos are shown intl:t§! other 3 pictures in FJg.> 2<after 0.1,
0.2, and 0.3 gmofparticles have impacted the surface. By
studying a single area such as the one outlined a good idea
of how the initial platelets form can be obtained.

Figure 3 is a higher magnification picture of the encircled
area of Fig. 2. The effect of the sequence of particle impacts
on the area of the triangle shaped area in the center of the
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Fig. 2. Early erosion sequence on fresh 1100-0 aluminum surface

Fig. 3. Higher magnification photos of early erosion of
1100-0 aluminum surface
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picture shows the beginning of platelet formation. Note how
sections of the original triangle are separated and flattened
by particle impacts. 'the area beyond the top of the triangle
is a previously formed crater. Note that essentially no
material has been removed from the surface in this area, which
is typical of the Whole surface being eroded after 0.4 gm of
erodant has impacted it.

Figure 4 shows a similar sequence of erosion behavior,
this time on a steady state eroded surface that had previously
been impacted. with 500 gm of particles at an impingement angle
of 30°. 'l'hehighly plastic nature of the eroding surface can
be seen. While material is being removed in the upper left
hand corner of the photos, there is no evidence of micro
machining or fracture. ,Rather the surface is being smeared
into craters and the platelets of metal that are formed about
the crater are being knocked off by subsequent impacts.
Figure 5 shows two typical examples of well formed, severely
plastically deformed platelets. At the stage the platelet in
the lower picture is in, •the< next particle that strikes it can
knock a good portion of it off the surface. These platelets
are formed by a coml:>ined\forging-extrusionaction which occurs
at all angles of impingement. The material in Figs. 4-5 is
1100-0 aluminum.

Fig. 4. Steady state erosion sequence on 1100-0 aluminum
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801-
Fig. 5. Steady state erosion platelets formed on 1100-0

alt.nninum

Figures 6 and 7 ate a sequence observed on a steady state
eroding surface of 7015-t6 alt.nnint.nn. The impingement angle
was 300 • The surface was first eroded to a steady state condi
tion by 500 gm of particles and then sequentially photographed
after each of four succeeding grams of erodent were impacted
against it. The area consists of a number of overlapping plate
lets of various sizes that have been formed by previous impact
ing particles. The lower picture in the sequence, Fig. 6,
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Fig. 6. Platelets being formed and removed on 707S-T6 aluminum

shows that the platelets in the upper right hand side of the
upper figure have been knocked off. In addition the force of
the impacting particles has extruded out new platelet material
on the upper left hand side and further deformed the platelets
at the bottom of the view. The sequential pictures in Fig. 7
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Fig. 7. Platelets being formed and removed on 7075-T6 aluminum

show further formation, extension and removal of the platelet
material seen in the upper photograph in Fig. 6. The 4th photo
in the sequence shows that the original platelet complex has
been essentially completely removed and a new sequence of plate
lets is taking its place.
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This behavior is typical of what was observed over the
whole surface of the eroding material; it is not an isolated
occurrence. It is observed to the same degree on both the
1100-0 and 7075-T6 aluminum. The difference in hardness and
strength between the two alloys (the 7075-T6 has several times
the strength of the 1100-0 aluminum) does not affect the plate
let forming and removal mechanism. The great force of the
impacting particles exceeds the strength of both materials by
a large margin. The sizes of the craters and the platelets
is essentially the same in both alloys.

Figure 8 is a sequence showing the formation, extension
and removal of a single platelet by 4 particle impacts. The
sequence is shown in a clockwise positioning of the pictures.
The first picture in the upper left of Fig. 8 shows a crater.
The 2nd picture shows a new crater formed along the right hand
side of the photo and a platelet from it that has been formed
and thrown up and to the left. The flattening and extension
of the platelet as the result of the impact of two additional
particles is shown in the 3rd picture. The 4th picture shows
the area after the impact of one additional particle; the plate
let has been knocked off the surface, revealing the original
crater over which it was extruded. The markings in the crater
shown in the 4th picture identify it as the unaffected crater
of the 1st picture. This is typical behavior of platelets.
They do not bond to the areas over which they are extruded.
Their attachment to the. surface occurs along.the edge of the
crater from which they are extruded.

Fig. 8. Formation, extension and removal of a single platelet
in 7075-T6 alloy
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The plastic deformation that occurs at the surface of the
eroding metal is severe enough to have caused some adiabatic
shear deformation heating to have occurred. Nowhere on any
surface observed was melting seen, but the extent and relative
eveness of the severity of the deformation indicates that warm
working or even hot working was the reason that such extensive
smearing type deformation could occur. Some of the impacting
SiC particles were retrieved and examined for evidence of
localized heating where they contacted the eroding aluminum.
Figure 9 shows the contacting portion of a typical SiC particle.
A thin film of melted and resolidified aluminum can be seen on
one surface of the particle. The relatively low thermal con
ductivity of SiC compared to that of aluminum can concentrate
the combined frictional and deformation heating that occurs at
the aluminum surface upon impact at the tip of the SiC particle.
Aluminum is smeared onto its surface and melted. The corre
sponding heated aluminum surface of the target conducts the
heat away enough to prevent melting, but does experience enough
heating to result in warm or hot forming of the craters and
platelets. Aluminum deposits were found on many of the
retrieved SiC particles.

To establish further the nature of the deformation that
develops craters and platelets on the surface of the aluminum,
a series of experiments was performed where a thin layer of
gold, 150 A thick, was sputtered on to both fresh and steady
state eroded surfaces and the coated surfaces subsequently
impacted by a single SiC particle. Figure 10 shows the crater
formed on a gold plated fresh surface by a particle ~Illpactirig.

from the right hand side.atCi. =: 300 • the SEMx-tay m~p of
gold in the lower picture shows that a significant amount of
gold remained on the crater's surface, even in the areas where
scribe lines appear to indicate the formation of new surface
by a micro-machining mechanism. The presence of the gold on
the bottom surface of the crater indicates that the crater
was formed by an action that forged the original surface with
the gold on it downward to form a crater. Material was ex
truded from immediately below the initial surface up and out
of the crater to form the ridge of material along the left
hand edge of the crater. The absence of gold in an extended
region to the left of the crater indicates that: elastic-plastic
deformation from the particle impact extended out beyond the
immediate crater site and that the high speed of the deforma
tion deformed the gold in a manner that caused it to be bent
up so that the particle leaving the surface could snag it and
tear off the piece that is missing.
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Fig. 9. Melted aluminum remains on a SiC eroding particle

Figure 11 shows a crater that was formed on a gold coated
steady state erosion surface impacted by a single, additional
particle. The bottom of the crater has significant amounts
of gold on its surface. The lower left, scribed side of the
crater shows less gold on it because of the shadowing effect
of the crater depth interfering with the gold x-rays reaching
the counter. The counter is located in the SEM beyond the
lower left hand side of the picture. In no instance observed
was the bottom of a crater free of gold, as would occur in
the creation of new surface by a micro-machining mechanism.
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Fig. 10. Gold coated crater formed on a fresh aluminum
surface with gold x-ray map

All of the photographs used in this report are typical of
the mechanism occurring on the surface of the aluminum alloys.
No other mechanism than that presented was seen. The sequences
were selected to clearly show what was occurring. They were
randomly selected as any area observed had to be selected prior
to the sequence shown. Some sequences selected did not show
the mechanism as clearly as others did and they were not used
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in this paper. However, they all showed the formation of
craters and platelets as depicted in the sequences selected
for inclusion in the paper.

Fig. 11. Gold coated crater formed on a steady state aluminum
surface with gold x-ray map



16

Proposed Mechanism

Combining the measured erosion behavior data presented in
Fig. 1 and Table 1 with the documentation by SEM photographs
of the actions that occurred on the surfaces of the 1100-0 and
7075-T6 aluminum alloys, the following mechanism of erosion of
ductile metals is proposed:

Particles initially impact a fresh surface creating
craters by a combined forging-extrusion action that displaces
material out from directly under the contact area between the
particle and the surface. The extruded material forms plate
lets in the vicinity of the crater from which it was extruded.
This activity occurs during the threshold period in Fig. 1.
The force of the particle impacts also plastically deforms
the metal beneath the craters over a much wider region than
that defined by the crater itself.

As additional particles impact, the density of craters
and platelets on the metal's surface increases. The severe
deformation that is occurring causes adiabatic shear deforma
tion heating of the surface into the warm or even hot working
regime of the metal to a depth up to that of the deeper craters,
approximately 20 ~m in the aluminum alloys tested. The excel
lent thermal conductivity of the aluminum removes heat from
the deformed surface at a rate that prevents actual melting
from occurring. The heating of the surface increases the de
formation capability of the surface region and thin, highly
deformed platelets are generated.

The force of the impacting particles is sufficient to
also plastically deform a region of the target material con
siderably below the immediate surface region. This plastic
deformation occurs at lower temperatures where cold working
of the metal occurs. A cold worked region is built up beneath
the highly deformed surface region as the erosion process
continues.

A direct measurement of the soft surface zone and cold
worked zone beneath it is shown in Fig. 12. The results of the
micro-hardness survey of the cross section of an eroded 1100-0
aluminum specimen is shown. A 5 gm load was used and the dia
mond pyramid hardness (DPH) determined from a location just
below the surface where sufficient material existed to keep
the penetrator from breaking down the specimen edge and giving
a false reading. Figure 12 shows the results of the hardness
survey taken on two specimens, one eroded at an impingement
angle of 900 and the other at 30°. The softer area at the
surface underlaid by a considerably harder zone can be seen.
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Fig. 12. Micro-hardness surveys of eroded material cross
sections

As more particles continue to strike the surface, the
density of the craters and platelets increases. Some plate
lets are restruck by succeeding particles and extended to the
severely distressed condition where additional partiG~e impacts
begin to knock them off the surface and actual erosion begins.
While this is occurring the cold worked region beneath the
surface is increasing in size and hardness until it reaches
a steady state.

When the cold worked sub-surface region reaches steady
state, the efficiency of the particles impacting on the surface
to extrude platelets is increased. This occurs because the
extrusion force in the heated surface region can now be exerted
between the hard impacting particles and the hard, sub-surface
cold worked region. The increased platelet forming efficiency
of the particles brings the erosion surface to a steady state
density of craters and platelets. This, in turn, produces a
relatively constant number of sufficiently distressed platelets
that can be knocked off the surface. This can be seen by the
constant amount of erosion loss that occurs with increasing
numbers of impacting particles in Fig. 1.
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The cold working effect is demonstrated by the data in
Table 1. With increasing time of erosion, the cold worked
region can be formed by particle impact deformation. However,
if the metal is cold rolled prior to erosion, the sub-surface
cold worked region is partially formed by the rolling process.
Thus, with increasing reductions by rolling, the amount of ero
sion increases toward that of the steady state erosion level.
It can be seen in Table 1 that by the time 80% reduction by
cold rolling has been achieved the amount of erosion by the ini
tial 60 gm of particles has doubled over that of the annealed
material and is approaching that of the steady state erosion
level. It is important to conduct this experiment with a num
ber of particles that are too few to achieve steady state
erosion by themselves.

At steady state erosion, four distinct actions are occur
ring. The impacting particles are forming new craters, extrud
ing new platelets, extending out already existing platelets and
knocking severely distressed platelets from the surface. The
material behavior characteristics that affect this mechanism
include many properties such as forgeability, extrudeability,
thermal conductivity, and others that have not previously been
considered in the selection and design of erosion resistant
ductile metals.

III. EROSION OF THIN OXIDE SCALES

The erosion of brittle materials has been determined to
occur in a different manner from the erosion of ductile
materials. In brittle materials, the erosion mechanism is a
chipping away of material from the surface. It occurs more
at high impingement angles than at low impingement angles.
The combination of a thin brittle adherent oxide scale (2-5 ~m)

on a ductile base metal has not been investigated to determine
the erosion mechanism that occurs or the rate at which material
is removed. In service the brittle surface oxide is growing
by a corrosion mechanism that is fairly well defined at the
same time that it is being eroded away by impacting particles.
In order to gain an understanding of the combined corrosion
erosion mechanism, a first step has been taken wherein pre
corroded surfaces of 3l0SS and an experimental FeCrAlHf alloy
have been eroded at room temperature.

Experiment Description

The erosion test conditions used were similar to those
used in the ductile metal investigation described above. 50 ~m
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size SiC particles were used in an air blast tester operating
at velocities of ZOO fps. Impingement angles were 300 and 900 .
Small quantities of particles, 0.3 g and 1.Z g were directed
at the surface of the alloys that had been previously corroded
at 9000 and 10000C (16500 and 18000F) in gases ranging from air
to low POZ oxygen mixtures to HZ, HZS, HZO combined oxidizing
sulfidizing gas mixtures for exposure times of 100 hrs. The
scale formed on the 31088 was primarily a thin, adherent CrZ03
layer with a few specimens showing the presence of iron sulfide
compounds. The scale formed on the FeCrAIHf alloy was a pegged
AIZ03 layer.

Results

Figure 13 shows the type of Crz03 scale that was formed
on the 31088 in an air exposure at 18000 F and the surface of
the steel after the scale had been eroded off. The test was
designed to erode away the scale but not to initiate erosion
of the base metal; 1.Z gm or erodent was required. The thres
hold quantity for erosion of the base metal is in excess of
5 gm of erodent.

Figure 14 plots the amount of material eroded at a 900

impingement angle for each 0.1 gm of erodent. It can be seen
that the conditions under which the 31088 was oxidized have
a major effect on the amount of erosion that occurs at any
time during the erosion cycle. The thicker scale that formed
in the air oxidation naturally lost more weight than did the
thinner scale which forms"at the low PaZ. The early erosion
at 0.1 to 0.4 gm of impacting particles is expected to be repre
sentative of that which occurs in a combined erosion-corrosion
environment where the scale will not grow very thick. The
low PO Z formed scale was much more resistant to erosion than
the scale formed in air. The differences in the morphology,
however, were not readily discernible under the microscope.

The erosion of the scale formed on the FeCrAIHf alloy
was less than that formed on the 31088. Differences affecting
the adherence of the scale may have contributed to the greater
erosion resistance of the AIZ03 scale. AIZ03 itself may also
be more erosion resistant than Cr303. Figure 15 shows the
cross sections of the two scales. The nature of the scale
on the 310 was the same at 18000 F as at the 16500 F shown, only
thicker. The black internal oxides on the 31088 sample are
SiOZ. Their presence in the immediate vicinity of the scale
metal interface degraded the adherence of the scale, resulting
in increased erosion. The cross section of the FeCrAIHf alloy,
which did not contain any silicon, does not have degrading
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Fig. 13. CrZ03 scale on 31055 before and after erOSlon

internal oxides. Rather it exhibits the enchanced adherence
microstructure developed by the presence of the hafnium which
causes pegs of A1203 to extend into the alloy surface, binding
the scale to the metal more tightly.
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Fig. 14. Material loss vs amount of erodent used for several
scales on 310SS and on experimental FeCrAlHf alloy

Table 2 presents data on several variables used in the
erosion tests of low P0 2 and simultaneous sulfidation.-oxidation
formed scales on 3l0SS. The effect of most of the variables
on the erosion behavior was minor. Formation of the scale at
16500 and 18000 F had no effect on erosion. Because of the brit
tle nature of the scale, the erosion at ani~pingement angle
of 900 was greater than that at 300 • There was no effect on
erosion of variations in the Po of the corroding gas between
15 and 17.4. The preparation or the surface prior to corrosion
by burnishing to enhance adherence had no measureable affect
on the erosion. While no discernible sulfides or spinels were
found in the oxide scale, simultaneous sulfidation-oxidation
did approximately double the amount of erosion that occurred.
However, the combined gas scale lost its impingement angle
sensitivity with both the 900 and 300 tests eroding approxi
mately the same amount of material.
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Fig. 15. Cross sections of scales formed on 31088 and
FeCrAlHf alloy
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Table 2.

Scale
thick
ness

( m)

90
0

weight loss
after

0.3 g 1.2 g
SiC SiC

30
0

weight loss
after

0.3 g 1. 2 g
siC SiC

Low P0 2 Oxidation of 31OS. S.

As
received

1650
1650
1650
1800

-15
-15
-16.5
-16.5

4
0.4 0.7
0.3 0.6 0.1 0.3
0.4 0.7
0.4 0.7

N
W

Simul taneous Sulfidation-,Oxidation of 310 S. S.

As
received

Burnished

1800 -6 5 0.8 1.3 0.8 1.2
1800 --8.5 0.7 1.35
1800 -6 1.1 8
1800 2.5 1.0 1.6 0.7 1.2

1800 .... 15 -6 0.9 1.
1800 -15.2 -8.5 0.7 1.
1800 -16.9 -6 0.9. 1.6
1800 -17.4 -1 0.9 1.6
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The differences in the morphology of the internal Si02
formed in the 310S8 is shown in Fig. 16. The increased quan
tity and orientation parallel to the oxide-metal interface is

Fig. 16. Differences in morphology of internally oxidized
SW2
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clearly seen. The more the SiOZparalleled the oxide~metal

interface, the greater the erosionbec~me. The amount of
erosion doubled as shown in Table Z between the sReci~en

shown in the upper picture and that sho'Wn in<th~ lower picture.
This effect alone could<~ccQunt; for the difference in erosion
between the low P020xidizeda.nd thtesl.1lfidized...oxidized speci
mens. However, otner<moresubtleeffectsm~ya1soaccount for
part of the difference.

The FeCrAlHf alloy alsOe:ll:hibited more erosion in the
oxidized-sulfidi~edi~t~te. EigurelT.shows the curVes for
the low PO z oxidizedandsulfidized-oxidized specimens. The
total amount of erOsiOuQuthis alloy is low becau,se>the thick
ness of the AlZ03 sea.leis low. However, a distinftdifference
in erosion was measured,. figure .18 sl1AwS thecrosssElction of
the two scales •• The.devel0piIltentof the pegs in the •. sulfidized
oxidized specimen was not as great as in the straight oxidized
specimen. The low initial amount of erosion in both specimens
indicates that the AlZ03 is basically more erosion resistant
than the Cr and that pegging has a lesser effect on the
erosion

1.6

Log P02
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SiC eroding material (g)

3
01 HfE
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Fig. 17. Erosion of FeCrAlHf alloy scales formed in low P
OZand su1fidizing-oxidizing gases
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Fig. 18. AlZ03 scale cross-sections formed ~n low PO
Z

and
sulfidizing-oxidizing gases
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Conclusions

Work on determining the erosion behavior of thin oxide
scales on metals is continuing. The work to date indicates
that significant differences in erosion behavior do occur as
the result of different elevated temperature corrosion condi
tions forming different scale and interface compositions and
morphologies. Generally the differences were relatively minor.
However, under conditions of combined erosion-corrosion, these
differe~ces could become important. Even though the scales
were thin and on ductile matrices, their erosion behavior
variation with impingement angle was that of a brittle rather
than a ductile material. The use of erosion tests to study
the adherence of various scales has some merit. However,
interpretation of some of the smaller differences could be
difficul t.
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