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ABSTRACT 

The combined erosion-corrosion of a series of chromium bearing 

steels was investigated using a methane-air burner facility where cube 

shaped specimens were immersed in the· combustion gas-solid particle 

flow. The specimens were mounted such that two front surfaces were 

impacted with the particles at an impingement angle of 45° and two back 

surfaces were protected from the particles, creating a static corrosion 

condition. Tests were performed using erodent particles from 5-lOOpm 

dia in size and test temperatures from 700° - 1000°C at a particle 

velocity of '5m/s. 

It was determined that the corrosion mechanism dominited th~ 

surface degradation which occurred. at all conditions tested for all 

alloys. The erosion process enhanced the growth of iron oxid~ 

crystallites on the scale surface and generally changed the morphology 

and chemical composition distribution ~f the scales. Th~ larger· 

erodent particles resulted in an increased scale thickness on the 

eroded-corroded surface compared to the scale thickness on the corroded 

only side. 

IBTRODUCTIOB 

The erosion of ductile metals at both room and elevated 
' . . -

temperatures has been studied and mechanisms for the erosion process 

deve loped.1- 5 Considerably less work has been done to determine how 

ductile metals behave under combined elevated temperature corrosion and 

erosion conditions.6 This paper presents the results of tests 

performed under combined oxidation•erosion condition from 700° to 

1000°C for 1018 steel and a number of chromium bearing steels having 
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from 2 1/4 to 18% chromium contertt. The morphology of the surface of 

the alloys under corrosion only and combined corrosion-eros ion 

conditions on the same specimen in the same test is discussed. 

No data on material loss rates were obtained.during the ~eries of 

tests reported. Also, no info~~~tion.is p~e~ented on the dirt6mic 

corrosion of the alloys where the corroding gas is impinged upon the 

specimen surface without eroding partie les being present. The tests to 

determine loss ra~es and dynamic corrosion have not been completed yet. 
,' .' • •' < _;• ' •,', '" f... ."'·:. r 

The morphologies of the surfaces of the various alloys tested are 

reported herein and constitute a valuable study in themselves. 

TEST CORDITIONS 

·The test specimens of each alloy were exposed in the downstream 

duct of a methane-air burner operating with excess oxygen in the 

combustion gas. The exact partial pressure of oxygen was not 

determined. The specimens were 1.2Scm on a side cubes with a small 

hole through their center for mounting on an a'lumina rod that extended 

into the 10cm dia. duct perpendicular to its wall. The specimens were 

exposed so that two of their sides were at 45° cycle to the exhaust gas 

and the other two sides were shielded from ftirect gas-particle 

impingement, thus providing two surfaces that were corroded-eroded and 

two surfaces that were only corroded. The ACES exhaust gas simulator 

at the Sandia Livermore National Laboratory Combustion Research Center 
· ' t '• .·. ·. . , ·: .··.,. · 'r : , ·. 

was used for the tests. The specimens are shown during a test in 

Figure 1. 
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The CQnditions were: 

o gas - oxygen rich methane-air combustion gas 

o velocity of particles - Sm/s 

0 particles - Spm dia ave coal ash 
- 50, 100pm dia ave A1 203 

0 soli~s loading - 6g/min 

o test duration - 30 minutes 

o impingement angle - 45° 

o temperature differential across specimen - <6°C 

After the test exposure the specimens were cooled in less than 1 

minute after the gas-particle flow was turned off to temperatures 

<300°C where further corrosion could not occur, removed and the exposed 

surfaces microscopically analyzed using a scanning electron microscope 

(SEM). 

RESULTS 

The results of the tests will be presented as a function of the 

chromium content of the alloys tested, starting with 1018 plain carbon 

steel with a 0% Cr content. Table 1 lists the alloys tested and their 

compositions. Further, the results will be ordered by the test 

temperature, starting with the lowest temperature, 700°C. The patterns 

of behavior of the alloys appeared to follow these two variables in a 

somewhat orderly manner. The test temperatures, which ranged from 

700°C for the 1018 to 1000°C for the 304SS are generally above the top 

service temperatures of the various alloys tested. They were selected 

to achieve oxidation rates which could be readily studied after the 

short 30 minute exposures in the burner duct. In all of the alloys 
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tested, corrosion
1 

was the domina'nt mechanism. 

Figure 2 shows the surfaces of the corroded and the eroded-

corroded sides of a single specimen after exposure to the oxygen rich, 

methane-air combustion gases apd~S~m ave dia .coal. ash particles at 

700°C. The observed surface on both sides consisted of iron oxide, 

Fe2o3 . The morphology of the scale on the corroded side consisted of a 

fine network of small needles with nodules of Fe2o3 penetrating up 

through them. A few coal ash partie les from eddys in the flow behind 

the impingement sides of the specimen were also identified (the larger 

light nodules). The eroded-corroded side had the same fine needle 

network as the corroded side, but the larger Fe2o3 nodules were not 

present. A cross section of the scales to determine their thickness 

has not been made as yet. As can be seen corrosion was the dominant 

mechanism on both sides. The fine needles that occurred on the eroded 

side did not appear to be vulnerable to the impact force of the 

impinging. coal ash partie les . 

.! 1/4Cr1Mo 
. . . . . 

Figure 3 ~bows the surfaces of this alloy after the 700°C test. 

The appearance of the surface is essentially the.same as was seen on 

the 1018 steel spe~imen. Figure 4 shows the same alloy after the 800°C 

test. The morphology of both surfaces has changed somewhat. On the 

corroded side the Fe2o3 needles have formed into an interlaced network 

with some individual needles of larger diameter also occurring. Very 

few nodules of Fe 2o3 are observed along with a very few coal ash 
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particles· (the larger, light grey particles in the 1Qw
0
e,r photo). 

On the eroded-corroded side, the morphology is somewhat different. 

The fine needle network appears to have condensed and a number of quite 

long comparatively large diameter, individual needles of oxide are seen 

growing out of the scale. Again, a few coal ash particles can be seen 

in the lower right photo. The delicacy. of the long, individual needles 

on the eroded-corroded side is quite remarkable, considering that this 

side is being struck by coal ash particles. Note that the two lower 

photos are at the same magnification. The dynamic corrosion plus 

erosion that is occurring on the exposed side appears to be enhancing 

the growth of the oxide needles at this higher test temperature. 

Figure 5 shows the SEM-KEVEX analysis of the surface scale on the 

eroded-corroded side of the specimen tested at 800°C. It can be s~en 

that only iron oxide is present. The occurrence of only iron oxide on 

the surface with no chromium was observed for all of the alloys tested, 

except for the 304SS. 

5Cr l/2Mo 

As the chromium content of the alloys increased the morphology of 

the oxide scale surface changed. The beginning of dramatic differences 

between the corroded side and the eroded-corroded side began with the 

5Cr l/2Mo steel. Figure 6 shows the corroded (above) and eroded­

corroded (below) surface at two test temperatures, 800°C and 875°C. 

At the 800°C test temperature, the needle-like network of the 

scale can be seen on both the corroded and eroded-corroded sides. A 

few nodules appear on the corroded side; none on the eroded-corroded 

side. The same thing occurred on the 1018 and 2 l/4Cr1Mo steels at the 
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lower, 700°C temperature (Figures 2 and 3). It appears t·hat test 

temp.erature and chromium conte'nt trade off in the resultant oxide 

structures. As the chromium content i~creases, the surface morphology 

reverts back YO' that which occurred in the lower chromium content 

alloys at lower test temperatures.· 

At the 875°C ~e~t temperatti~e, the next major change in the 

morphology occurred. The needles are almost non-existent on the 

corroded Side (upper right. photo) ·and they. are re~laced by nodules and. 

columns of Fe2o3 . The columns are- different from the nodules in that 
. . 

their tops appear to be somewhat ~ointed and porous or wrinkled on the 

corroded side. The great cliffer~nce in the morphology between the 

corroded and eroded-corroded sides first occurs on the eroded-corroded 

surface of this alloy. It consists: entirely of crystalline columns of 

significaritly ireater cross ~ection than the pointed-porous topped 

co lutnns on the corroded side andth.eir tops do not show any porosity. 

This intrig~ing behavior' was observe.d on the higher chromium content 

all.oys at higher test temperatures to an even greater degree, as will 

be seen. 

9Cr1Mo 

Figure 7 shows the extent to which the great difference occurred 

1n the m6rphology between the corroded and eroded-corroded sides of the 

sa~e te~~ ~peci~en. On the left side of the figure is the corroded 

side with a myriad of s~ali;diamet~r pointed-porous or wrink~ed topped 

columns e~tending up perpendicular from the metal surface. The few 

gray globules are coal ash paiticle~: On the right photo is the 
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eroded-corroded surface. The well defined crystallin~ columns of i~on 

oxide (no chromium was determined) are many time$ the size of the 

' columns on the corroded side and are no where near as numerous. Mariy 

of their tops have been chiselled away to form more or less· points and 

no porosity or wrinkling can be observed at the tops of the columns. 

The action of the eroding coal ash particles can be~seen to ~ffe~t 

individual columns, but do not result in an overall eroding away of the 

surface. The relatively low densit~ 6f t~e columns and their larg~ 

size seems to reflect a select'ive thinning of the columns compared to 

the density of those that occurred on the corroded only side so that 

the remaining columns could grow to a much larger size. Whether this 

phenomenon, which is like the selective thinning of trees in a forest 

to promote the growth of the remaining ones, is the mechanism that is 

occurring is speculative at this time. 

The determination of the composition of the columns on both the 

corroded and eroded-corroded sides of the 9Cr1Mo
1 
··steel specimens was 

made by SEM-KEVEX. analysis. Figure 8 shows the ~Jial.yses of the sca.les 

that formed on the 9Cr1Mo steel. It can be seen that·both ty~es of 

columns are iron oxide with no chromium present. The presence of some 

coal ash is shown by the presence of such elements as Si, Ca,. At and 

Mg. The reason that the corroded side has more coal ash pre~ent is 

that the velocity of the particles on the back side of the specimens is 

much slower than on the front side that directly receive the impact of 

the coal ash at the full 5 m/s. The wafting particles on the back 

side can more readily get caught in the forest of columns that exists 

there. ., 

7 



The effect of test temperature on the morphology of the scales 

formed on ,th.e 9Cr1Mo steel are. shown in Figuz;e 9. On the left side are 

shown the surfaces after. the 800°C t.est. Essentially the. surface is a 

continuous Cr 2o3 .sc.file. withsom,e nod~les oLFe 2o3 and a few coal ash 

particles on the surface. The erode,d-corroded side shows a slig,htly 

eroded Cr2o3 surface. At .this lo¥er temperature for the chromium 

content of the alloy, co~p.ared to the 925°C exposed specimen .shown in 

Figure 8, the chromium is present in sufficient quantity to form a 

typ ica 1 pro tee tiv;e barrier type seale. The eroded-cor.roded side is 

still a mild enough overall condition, to enable the alloy to maintain 

the protect:ive scale. 

Whe,n. the test temperature 1s increased to 950°C (photos on the 

right side of Figure 9} the same type of behavior as was shown. in 

Figure 7 is evident. In Figure 9 the magnification is higher than in 

Figure 7 and the nature of the columns can be more readily s~en. Also, 

in the lower right photo another aspect of tbe erosion process is 

shown. In some isolat~d •r~as the columns.had been eroded a!ay, 

l,~avi11g a more continuous scale showing beneath them. The contours 

appearing on the. scale layer i~ direct evidence of the erosion process. 
. . . . . . ~ . 

The overall differences between .the surface morphologies of both the 
. -

corroded and eroded-corroded specimens at the two test temperatures is 

most intriguing. 
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410SS 

The 410SS specimens showed the same type of behavior as the lower 

chromium content, ferritic steels that formed ·columns. Figure 10 shows 

the two surfaces after t~sting at 950°C. The chiselled tops of the 

eroded-corroded side columns toward pointed shapes are clearly evident 
: 

as are their greatly increased s~ze over the corroded side columns. 

Note the difference in magnification at both the lower and the higher 

magnifications. At least one of the columns (lower right side photo) 

is cracked, providing a short circuit diffusion path. 

The ability of the large diameter, dense columns that form on the 

eroded-corroded side to possibly retard metal surface retardation from 

erosion once they form is an interesting speculation. On the other 

hand, the increased diffusion rates in the dense columns to enhance 

corrosion is a distinct possibility, as will be discussed later. The 

basis for the retardation of the erosion process is contained in Ref. 7 

where it was reported that dense, columnar NiO scale on a nickel 

substrate eroded at substantially lower rates than equiaxed, porous 

NiO. 

Even with a 12% Cr content in the alloy, the columns of oxide were 
. . 

determined to be pure iron oxide. Figure 11 shows the SEM-KEVEX peak 

analyses. It is interesting to note, however that the No~ 2 peak on 

the eroded corroded side shows some chromium in a crystallite that 

appears to be below the general level of the columns. Again, some coal 

ash was retained on the corroded side of the specimen, peak 2 where the 

velocities are very low. 

The 410SS specimens were cross sectioned to determine the nature 
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of the scale down to the base metal. Cross sectional analyses of the 

other exposed alloys is in process. Figure 12 shows the morphology of 

the scales and the distribution of iron and chromium through them. 

Analysis of ~he photos indicates that combined erosion-corrosion not. 

only changes the surface morphology of the scale compared to straight 

corrosion, but also the cross section morphology and composition. 

On the corroded side (left photos) the secondary electron image 

indicates that there is a duplex scale present with a line of porosity 

separating the two phases. Analyzing the x-ray maps shows that the top 

layer is iron oxide with no chromium in it, as has been discussed 

above. However, the second layer of the scale has substantial chromium 

content and is probably an iron-chromium oxide spinel. This layer has 

a scalloped, intimate bonded interface with the base metal. The cross 

sections of the small, pointed columns of surface scales described 

earlier can be readily seen in the upper left ,photo. 

The morphology of the scale cross section on the eroded-corroded 

side of the specimen is quite different from that on the corroded only 

surface. On the right hand side of Figure 12 is the secondary electron 

image and iron and chromium x-ray maps of the eroded-corroded scale. 

The cross sections of the much larger columns can be seen at the top of 

scale cross section, verifying the observations made earlier concerning 

the morphology differences between the surface of the corroded and 

eroded-corroded scales. 

Referring to the x-ray maps, it can be seen that the total 
_;.. 

scale ,thicknesses of the corroded and eroded-corroded sides 

as well as the distribution of the two phases on each side 
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are markedly different. The iron oxide scale is much thinner on the 

erosion-corrosion side, extending only to the base of the columns. 

This accounts for the occurrence of the chromium peak in the surface 

side analysis shown in Figure 11. The Fe-Cr spinel layer is much 

thicker on the eroded-corroded side, essentially constituting the main 

body of the scale. Also, the interface between the lower layer of the 

duplex scale and the base metal is quite porous on the erosion~ 

corrosion side. Thus the occurrence of erosion in conjunction with 

corrosion,with the corrosion process dominant, changes the morphology 

and the composition distribution of the scale that is formed. 

304SS 

The 304SS, an austenitic alloy with a- significantly higher 

chromium content than any of the chromium containing ferritic alloys 

tested, behaved in a somewhat different manner than the other steels at 

temperatures higher than were used to test the other steels. Figure 13 

shows that the surfaces develop~d a continuous Cr2o3 scale on both the 

corroded and eroded-corroded surfaces and that the barrier scale was 

not penetrated by the eroding particles. 

On both the corroded and eroded-corroded surfaces, nodules of 

iron-chromium spinel have penetrated through the Cr2o3 scale layer. 

The size of the nodules is considerably larger on the erosion-corrosion 

surface than on the corroded surface. This follows the general trend 

throughout the test series of having combined erosion-corrosion enhance 

the growth of individual crystallites on the scale outer surface. 

Some of the nodules present on the surface are coal ash. 
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Laser Raman spectroscopy was used to identify the phases that were 

present on the surface of the 304SS tes.t. samples. Figure 14 shows the 

Raman spectra for the corroded surface. The peak .at 570 is Cr2o3 , the 

peak at 660 is spinel and the small peak at 1010 represents the 

compounds in coal ash. Figure 15 shows the Raman spectra of an area on 

the surface of the, eroded-corroded side. The additional peaks over and 

above those that occurred in Figure 14 are due to coal ash particles 

adhering to the surface. These spectra indicate that iron-chromium 

spinel individual nodules formed on the iron-chromium-nickel 304SS 

rather than the iron oxide nodul~s that formed on the straight iron­

chromium alloys. 

PARTICLE SIZE EFFECT 

In order to determine what type of scale morphology would occur on 

the eroded-corroded surfaces when larger eroding particles were used 

which could transfer a greater force to the surface upon impact, 50pm 

and 100p.m Al 20 3 particles were used to erode 410SS. All of the other 

test conditions were the same as were used in the Spm coal ash tests. 

It was thought that while the small, 5pm coal ash particles used in the 

earlier tests w_ere too small to result in erosion being the dominant 

mechanism, the larger particles could change that circumstance. 

Figure 16 shows the eroded-corroded surface of the 410SS after 

exposure to the three different size particles. It can be seen that as 

the particle size and its resultant impact force increased, the 

individual columns of iron oxide became smaller, almost disappearing in 
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the 100pm Al 203 erodent particles test. The greater impact force of 

the 100pm Al 203 particles also cracked the scale that had form~d~ 

providing excellent short circuit diffusion paths for corrosion •. 

Figure 17 shows the cross ~ection of the •cales formed on the 

corroded and eroded-corroded surfaces of the 410SS. The corroded 

surface scale is similar to the scale shown in Figure.12. The small 

diameter columns that can be seen in Figure 12 were probably knocked 

off by lOOpm Al 203 particles that lightly struck the back surfac7 of 

the specimen as ·the result of eddying of the gas-particle stream. The 

light impacts could also have caused the relatively large size voids 

seen in Figure 12 to crack through and result in the separation of 

scale layers seen in Figure 17. 

The cross section of the eroded-corroded side of the 410SS 

specimen in Figure 17 has three significant differences from the 

eroded-corroded surface shown in Figure 12. First, the scale is 

considerably thicker on the eroded-corroded side than it is on the just 

corroded side. Note the difference in magnification of the micrographs 

in Figure 17. The scale on both sides of the specimen were much nearer 

in thickness for the Spm coal ash erosion tests. It appears that the 

more severe erosion conditions that occurred when the 100pm size 

particles were used enhanced the corrosion rate, maybe as the result of 

cracking the coating as was shown in Figure 16 which increased the 

short circuit diffusion which could occur. Definitive metal surface 

regression rates tests will have to be performed to establish better 

exactly what is happening. 

Second, the iron oxide scale layer is quite thick on the erosion-
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cor~osion surface compared to the spinel layer in Figure 17. This was 

not the case for the Spm coal ash tests, as shown in Figure 12, where 

the iron oxide scale layer became quite thin on the eroded-corroded 

surface compared to the spinel layer. Third, the major porosity at ·the 

scale-metal interface which was observed in Figure 12 did not occur in 

the 100pm Al203 erodent tests as can be seen in Figure 17. Instead, it 

appears that areas of very small pores formed in the spinel layer near 

the scale metal interface. 

DISCUSSION 

The observations that have been reported in this paper on the 

nature of the combined erosion-corrosion process in chromium bearing 

steels have not been seen before.-. Therefore, the interpretations of 

causes and effects are speculative at this time. Much work remains to 

be done before absolute mechanisms can be defined and the effect of the 

observed behavior on materials performance in industrial applications 

known. Still, a significant start has been made to understand the 

effects of combined erosion-corrosion on materials. Some of the 

observations of the combined behavior that are of particular interest 

are discussed in this section. The dominance of the corrosion 

process at all conditions of temperature, alloy composition, particle 

size and other erosion conditions was unexpected. It was thought that 

when at least the 100pm Al2o3 particles were used, the erosion process 

would be able to sweep oxide off the surface as it formed. The 

mechanism of elevated temperature corrosion when the oxidizing surface 

is being mechanically affected during the process must follow different 

rate laws than those that have been determined to be applicable to 
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static corrosion. Parabolic and lineai rates of corrosion are probably 

replaced by accelerating rates of some type which are not defineable at 

this time. 

One of the problems that is associated with determining the 

kinetics of the corrosion process is the inability to precisely measure 

the metal surface regression rate. The best kinetic work in straight 

corrosion is carried out using weight change measurements. In a 

combined erosion-corrosion test, the specimen is undergoing different 

reactions on its various surfaces and weight change measurements are 

not appropriate. Efforts are underway to develop an alternative method 

to measure the rates in a precise enough manner to use for kinetic 

analysis. 

A pattern developed in· the test series using Spm coal ash 

particles that somewhat related the scale morphology to the test 

temperature, chromium content of the alloy and whether static corrosion 

or combined erosion-corrosion was occurring. Its meaning, if indeed 

there is one, is not known. As the chromium content, the test 

temperature and the severity of the surface environment (corrosion 

compared to erosion-corrosion) increased, the dominant shape of the 

iron oxide particles on the surface progressed from nodules to needles 

to columns. A less than thorough review of the literature failed to 

shed light on why this pattern occurred. 

The change in the composition as well as the morphology of the 

surface scale as the result of the combined erosion-corrosion process 

(Figure 12) is a very interesting phenomenon that requires more work 

before it is understood. The effects of the gross changes which 
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occurred in the scales on the surface regression rate of the metal 

surface should 'be determined. Even .. though the .scale thickness on the 

erosion-corrosion surface is considerably greater than it is on the 

co~~oded surface, the overall metal regression rate cotild be retarded 

by the form~t~~n of the large, d~nse crystals of iron oxide on the 

surface (Reference 7). 

16 
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COBCLUSIORS 

1. Corrosion is the dominant mechanism of surface degradation in 

combined erosion-corrosion tests over the range of test conditions 

used in this investigation. 

2. Erosion using lOOJlm dia particles in combination with corrosion 

results in thicker oxide scales forming than were observed to form 

on statically corroded surfaces. 

3. A great increase in the size of the iron oxide crystallites as 

well as a change in. their shape occurred on the oxide scale 

surface as the result of erosion occurring along with corrosion 

when Spm coal ash particles were used. 

4. As the eroding particles increased in size to lOO.Jlm dia,: the 

eroded-corroded surface of the Seale became. considerably less textured 

than occurred when· SJlm dia partie les were used. · · 

5. As the test temperature and the chromium content of the alloys 

increased, the dominant shape of the iron oxide particles on the 

surface of the scale progressed from nodules to needles to 

columns. The reason for this and its meaning are not know. 

6. Considerably more work has to be done before the phenomina which 

were observed in this test series are well understood. 

17 



REFERERCES 

1. Levy, A., paper presented at NACE Conference, 

Berkeley, California, Jan. 1982, p. 298. 

2. Ives, L., paper presented at the ASME Annual Meeting, Dec. 1976. 

3. Foley, T., Leyy, A .. Wear Vol 91,.No. 1, p 45. 

4. Quadir, T., Shewmon, P. Met. Trans. A., Vol 12A, p 1176, (1981). 

5. Brown, R. Edington, J. Wear Vol 77, N.o. 3, p. 1163 (1982). 

6.. Wright, I. Herchenroeder,,R. High Temperature Erosion-CQrrosion of 

Alloys., EPRI Report .CS-1454, July 1980 •· 

7. Zambelli, G., Levy A. Wear Vol 68, No.3, p 305 (1981). 

ACKNOWLEDGMENT. 

Research spon~ored by the U.S. Department of Energy under DOE/FEAA 

15 10 10 0, Advanced Research and Technical Development, Fossil Energy 

Materials Program, Work Breakdown Structure Element LBL-3.5 and under 

Contract No. DE-AC03-76SF00098. 

18 



·. 

FIGURES 

1. Specimens in burner duct during testing. 

2. Corroded and eroded-corroded surfaces of 1018 steel at 700°C. 

3. Corroded and eroded-corroded surfaces of 2 1/4Cr1Mo steel at 700°C. 

4. Corroded and eroded-corroded surfaces of 2 1/4Cr1Mo steel at 800°C. 

s. SEM-KEVEX analysis of scale surface on eroded-corroded side of the 2 
1/4Cr1Mo steet at 800°C. 

6. Corroded and eroded-corroded surfaces of 5Crl/2Mo steel at 800°C and 
875°C~ 

7. Corroded and eroded-corroded surfaces of 9Cr1Mo steel at 925°C. 

8. SEM-KEVEX analyses of the oxide column composition of the 9Cr1Mo steel 
at 950°C. 

9. Cor·roded and eroded-corroded surfaces of 9Cr1Mo steel at 800°C and 950°C. 

10. Corroded and eroded-corroded surfaces of 410SS at 950°C. 

11. SEM-KEVEX analyses of columns of .1fcale on 410SS at 950°C. 

12. Cross section of corroded and eroded-c.orroded surfaces of 410SS· at 950°C. 

13. Corroded and eroded-corroded ·surfaces of 304SS at 1000°C. . .. 

14. Raman spectra of corroded surface of 304SS at 1000°C. 

15. Raman spectra of eroded-corroded surface of 304SS at 1000°C. 

16. Effect of eroding particle size on the surface morphology of the 
eroded-corroded surface of 410SS at 950°C. 

I 
17. Cross sections of corroded and eroded-corroded scale of 410SS at 950°C 

eroded by 100pm Al203 particles. 
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TABLE 1 

ALLOY COMPOSITION (NOMINAL) 
-· 

ALLOY : 

Cr Ni Mo Si Mn c P/S max Fe 

1018 0.5 0.2 0.09 hal 

2 l/4Cr 2.2 0.9 0.3 0.4 0.2 0.02 hal 
lMo 

5Cr 5.1 0.6 0.02 0.5 0.1 0.02 hal 
l/2Mo 

9Cr lMo 9 1.0 0.5 ' 0.5 ' 0.15 0.02 hal 

410SS 12 1.0 ,· 1.0'' 0.2 0.1 hal 

304SS 18 9 1.0 2.0 0.1 0.1 hal 
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Fig . 1. Specimens in burner duct during t esting 
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Fig . 3 . 
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Fig. 4. 
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Fig . 5. SEM-KEVEX analysis of scale surface on 
eroded-corroded side of the 2 1/4 Cr 
lMo steel at 800°C 
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Fig . 8. 
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Fig . 9 . 
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Fig . 10 . 
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Fig. 11. 
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Fig . 12 . 
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Fig . 13. 
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Fig. 16. 
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