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sssTRACT
' The co;bihed erosion-corrosion of a series of‘cﬁromium:bearing
steels was investigated using a methane-air burner facility where cube‘
shaped spécimens were immersed in the combustion gés—solid particlé
flow. The»speciméns were mounﬁed such thét two front éﬁrf;ceé.wére
impacfed with the particles at an impingement‘angle of 45° ana two back
Burfaceé were protected from the particles,.creéting a static corrosion
condition. Tests were performed uéingAefodent'parficleé from‘5-100pm
dia in size and test temperétures”ftom 700° - iooo°c ét'é.particlé
velocity of 5m/s. “ |
It was determined that the corrosion mechanism dominated the
surface degradation which occurred at all conditions tésted,for all
alloys. The erosion process enhanced the growth of iron oxiae
crystallites on the scale surface And generally changed the morphology
‘and chemical coﬁﬁosition disfribution of the scales. The larger
erodent particles resulted iﬁ an increased scale thickness on the
eroded-corroded surface compared té the scale thickness on the corroded

~only side.

INTRODUCTION

The erosion of ductile metals atiboﬁh‘fobﬁ_;nd eIeQaéed
temperaturés has been stﬁdied ;ﬁd méchanismslfor théwefbsion process
developed.l_5 Considerably less wdrk héé been done to determine how
ductile metals.behaﬁe under combinea elevated tem§e£a£ure corrosion and

6

_erosion conditions. 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



from 2 1/4 to 18%Z chromium content. The morphoibgy of the surface of
the alloys under corrosion only and combined.corrosion—eroéion
condigions.on the same séecimen in the samef;est is discussed.

No data on material 1oss ratesbwere obFéinedﬁdqring thé7§erie§‘of
teéts repérted. Also, no iﬁfofhétibntis pfesented on the dynhamic
cofrqsion”of ;hevalloys whg;é the qorroding ga§‘i§ impingeé:qpon-the_
sﬁéc#mep surfa;e.wifhout_erodingvpar;icles being_pfesent, The tests to
de;grmiqe’19s§>€a§eé and dynégic qgr;qsiqn have_qp; béen_complg;ed_yepi
Thevm;rﬁﬁologies of the surfaces of the various alloys tested are

reported herein and constitute a valuable study in themselves.

TEST CONDITIONS

‘The test specimens of each alloy were exposed in the downstream
duct of a methane-air burner operating with excess oxygen in the
combﬁ;tion gas. ~The exact partial pressure of oxygen wag ho@
determined. The specimens wére_1.25cm on a side cubes with a sméli

hole through their center for mounting on an alumina rod that extended
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into?the iOcm dia. duct perpendicular to its walef The specimenS'were 
exposgd_sq thg; two df their é?deg were at 45°_cygle to the exhaust gas
andlthe_éthér two sides were shiglded-from pirect gas—par;iclgv
impingement, thus'éroviding twg.surfaces that were corroded—efodedr and
two su;faFes éhat wére only corroded. The ACES exhaust gas siqglafqr
at #he_Sapqia_Lifé;mpre ﬁatiqﬁal Lébora#ofy Co@bug?iqnﬁResearchlpquep
was ﬁseé fﬁf.ﬁhé tests.‘ Thé ;pecimeng are shown during a test in

Figure 1.



The conditions were:

o gas - oxygen rich methane-air combustion gas
0 velocity of particles - 5m/s
o particles ~ 5pm dia ave coal ash

- 50, 100pm dia ave Al,04

o solids 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 legs ‘than 1
minuté after the gas-particle flqw.was turned off to téﬁpgratures
<300°¢C Qhere further corrosion could not occuf, rembved andAtﬁévexposed
surfaces micfoscopically analyzed using a séanning electron mic:oscope

(SEM).

RESULTS

The results of the tests will be presented as a function of the
chromium content of the alloys tésted, starting with 1018 plain carbon
steel with a 0% Cr content. Table 1 lists the alloys tested ;nd.théir
compositions. Further, the results wiIllbe ordered by ‘the fest
temperature, étarting with the loweét tempé;afure, 700°C. The patterns
of behavior of the alloys Appeared to follow these two variables in é
somewhat orderly manner. Tﬁe test tempetatﬁres, which rahged.from
1700°C for the 1018 to 1000°C for the 304SS are generally above the toé |
service temperatures of the various alloys tested. The& were selected
to achieve oxidation rates which"could be readilyvstudied éfter the

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

1018

:_Figure é'shows‘the:surfaces of theycorroded and the eroded-
corrodedﬂsidespof a single specimen after‘exposurextomthe oxygen rich,
methane-air combustion gases and;Spm 5§g dia_coal,ash'#a;ticles at
700°C. The observed surface on both sides consrsted of iron oxide,

Fe,05. The morphology of thebscale on the.corroded side consisted of a

fine network of small needles with"nodules'of Fe,05 penetrating up

through them. A fewICOal ash ~particles from eddys-‘in the  flow behind .

the 1mp1ngement 51des of the Spec1men were also 1dent1f1ed (the 1arger

11ght nodules). The eroded corroded side had the same f1ne needle

network as the corroded s1de, but the larger Fe203 nodules were not
present. A cross sectlon of the scales to determ1ne their thlckness

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 particles.

_2_1 4CrlHo N

Flgure 3 shows the surfaces of thls alloy after the 700°C testv

The appearance of the surface is essent1a11y the same as was seen on
the 1018 steel speclmen. Flgure 4 shows the same alloy after the 800°C
test. The morphology of both surfaces has changed somewhat On the
corroded'91de the Fe203 needles have formed 1nto an 1nterlaced network

w1th some 1nd1v1dual needles of larger dlameter also occurrlng. Very

few nodules of Fe203 are observed along with a very few coal ash

1



ﬁafticleslﬁthe larger, light grey partiéles in the lqwg;_phofo).

- On the eroded-corroded side, the morphology is somewhat different.
The fine needlé network appears to have condenséd and a numberbof.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_phoﬁb._ The delicacy of the_long; individual;needles
on fhe eroded-corroded side is quite_réﬁarkable, cpnaidering tﬁét this
"side is being struck 5y coal ash‘particles. Note that the tﬁo lower
photos are af the same magnification;.The dynaﬁiq cortésion plus
erosion that is occurring on the exposed side appears to bé enhancing
the growth of the oxide needles at this higher testviemperaturé.

Figure¥5 shows the SEM-KEVEX analysis of the surface scaléron the
eroded-corroded side of the specimen tested at ?OQ°C. It ?aﬁibe éeen
that only.iron oxide is present. The oécurrence of only iron bxidé on
the surface with no chromium was observed for all éf tﬁe alloys tested,

except for the 304SS.

5Cr 1/2Mo

As the chromium content of the alloys increased the morphology of
the oxide scale surface changed. The béginning of drama;ic differeﬁces
between the corroded side and the eroded-corroded side began with the
5Cr 1/2Mo steel.‘ Figure 6 shows the corroded (above) and eroded-
corroded (below) surface at two test temperatures, 800°Cvandv87596;

At the 800°C test temperature, the needle-like network of the
scale can be seen on both the corroded and eroded~corroded ;ides. A
few nodules appear on the corroded side; none on the eroded-éoftoded

side. The same thing occurred on the 1018 and 2 1/4CrlMo steels at the



lower, 700°C temperature (Figures 2 and 3). It aﬁpéars that test
temperature and éhr&miﬁm‘éo;iéht?gfade 6ff-i; tﬁézresultaht oxi&e
structures. As the éhromiuﬁ conteﬁt:i;cfeééeé; fhé.sﬁffﬁée ﬁorphology
,revéfts baék:ia that'whiéhﬂébcﬁfféd inJthewiowéf chfomiuﬁ‘cbﬁtéhf“
aildys at lower test Eémpefatﬁréé.i

At the 875°C test fémperafuié;'tﬁe”he#t majof'chénge in fﬁé
morphology occurred. The needles dre[almést nbﬁ—exiéteﬁt‘on.fhe
corroded . §ide (ﬁpﬁer'righﬁﬁbHOtéikan& £héy;aré feﬁiaée& b; nodules and’
coldmhsvéf.Fézos.; iﬁé'columﬁs are different from the'hodﬁiéé in that
theif tdﬁs'éﬁpéar té'Bé"soméwhat ﬁoiﬁtéd‘and:pordus”oruwtinkléd on the
corroded side. The gfeattdifféféﬁEéJin the mbrﬁhoidéy betﬁéén‘ihe
corroded and eroded-corroded sides first dccﬁ;s on the éfoded?éorfoded
sufféce'of“tﬁisialléy. It cdnsistsfentiréiy.of Crystalliné columns of
sigﬁificaﬁf1y:éreaté;;;ros§'§ecti6ﬁ than th;.pbintéd—pofou; toﬁbéd
columns on the cofro&éd Sidévandltﬁéir tbﬁé do not Shéw aanPOfosity.
Thié.intrigﬁing Béhaéiéihﬁés‘obséfvéd'oﬁ-the‘higher chromium conﬁént
alloys at higher test temperatures to an evenlgfeater'dégrée, as will

be seen.

9CriMo

Fiéﬁré 7 shows ﬁhe éiﬁent to wﬁich tﬁéigtéaé differénce occurred
in the ﬁérbhof¢gy'5efweéh the cbrrSdéd aﬁd érode&—éorrodédSSides_of)the
saﬁé:fééi gpééiﬁen.v On.fhe left,éide'of the fighfe is thé'corroded
side wigﬁzéumyriadibf sﬁali:diAmétér pbintéd—pordus or'wfigkiéd toﬁped
coldmns'eifehdiﬂg up pérsendiéular f:dm the_metai.suff;éé. The few

gray gidbulésjaré'coal ash péftiélééi On the right photo'is the



'eroded-cdrroded surface. The well defined crystalline columns of iron
6xide (no chromiﬁm was determined) are many times the size of the
columns on the corroded side and are no where near as nuﬁérdﬁs. Many
of their tops have been chiselled aﬁay to form more or less points and
no poroéity or wrinkling can be observed at the:topé‘bf thé §o1uﬁns.~
The action ofAthe eroding coal ash particles can BéEéeen to'éffeét
individual columns, but do not resﬁlt in an overall eroding avay of ‘the
surface. The relatively low density of the columns and théir.largé
size seems to reflect a selective thinning of the columns'co@pared to
the density of those that occurred on the corroded‘bnly éidé so that
the remaining columns could grow to a much larger size. Whethér this
phenomenon,vwhich is like the selectivé thinning of trées in a forest
to promote the growth of the remginingvonés, is the mechanism that ié
occurring is speculative at this time.

The determination of the composition of the columns on both the
corroded and eroded-corroded sides of the 9Cr1M67}téei'épecimens was
made by SEﬁ—KEVEX-analysis. Figure 8 shows the éﬁalisés of the scales
that formed on the 9CrlMo steel. It can be seen that both types of
columns are iron oxide with no chromium preseht. Thé preéencg'of gome
coal ash is shown by the presence of such elements as Si,>Ca,'Ai and
Mg. The reason that the corroded side has more céal aéh_preSent,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 partiéles on the back
side can more readily get caugh; in the forest of columns that exists

there. ) _ ' ) R



The effect of test temperature on the morphology of the scales
formed on the 9CrlMo steel are shown in Figure 9. On the left side are
shown the surfaces after‘thg,Soqocngest. Essentially the surface is a
continupus Cr203,sc§1e_wi£h;sqmp nodules of Fe,04 and a few coal ash
pa;ticlgs on the surface. The erodgdfcorroded side shows a slightly
eroded Cr,05 surface. At this lower temperature for the chromium
content of the alloy, compared to the 925°C exposed specimen shown in
Figure 8, ;he;chxomiqm is present in sufficient quaqtity to formga
typical protective barrier type scale. The eroded-corroded side is
still a miid enough overall condition to enable the alloy to maintain
the protective scale.

When the tegt'tempera:ure is inc;eaéed to 9§O?Cr(photos on the
right.sidekpthigure Q)Etbg,sqme type of behavior as was shownlin,
Figure 7 is evident. In Figure 9 the magnification is higher than in
Figure 7 and the nature of the columns can be more»;eadily seen. Also,
in the lower right photo another aspect of the erosion process is
shqwn7  13 §omevisolate§ argas,the cqlumnsvhad been eroded away,
leaving a more coptinuogs scale showing beneath them. The contours
appearing on the scale layer is‘direct evidence of the erosion process.
The{ovgrall differences,bgtween‘the surface_morghologies of both the
corroded and.eroded—corrpded specimens at the two test temperatures is

most intriguing.



4108s

The 410SS specimens showed the same type of behavior as the lower
chromium content, ferritic steels that formed'coiumns[ Figurg.lo éhows
the two surfaces aftér testing at 950°C. The chiselled’tqps of‘the
eroded-corroded side columns toward pointed~shapés are clearlylevident
as are their greatly increased size over'thé corroded éide colu@ns;
Note the difference in magnification at both the ibwer and thé higher
magnifications;. At least one of thebcblumns (iower-righf side phéto)
is cracked, providing a short circuit diffusion‘path.

The ability of the large diameter, demse columnéAthat for@.on the
eroded-corroded side to possibly retard metal surfacg;retardatign from
erosion once they form is an interestingvspeculatiﬁnl ‘Oﬁ‘the:ogher
hand, the increased diffusion rates in the densé‘colﬁmns to enhance
corrosion is a distinct possibility, as wi11 be discussed later. The
basis for the retardation of the erosion process'is contained in Ref. 7
where it was reported that dense, columnar Nib scale bn a‘nickel
substrate eroded at substantially lower rates than équiaxéd? porous
NiO. |

EQen with a 12%Z Cr content in the alloy, the columns of oxide were
determined to be pure iron oxide. Figure 11 shows theASﬁM—KEVEX peak
analyses. It is interesting to note, however that the No§21péak on
the eroded corroded side sﬁows somekchromium in a crystallite that
appears to be below the general level of the columns. :Agéin, soﬁé’coal
ash was retéined on the corroded sideréf‘the spec%ﬁen;.péaka'Qhére the
velocities ére very low.v

The 410SS specimens were cross sectioned to determine the nature



of the scale down to fhe base metal. Cross sectional analysés of the
other exposed alloys is in process. Figure 12 shows the morphology of
the scales and the distribution of iron and chromium through tﬁem.
Analysis of the 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 compositién.

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 ﬁaps 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 scaleé.described‘
earlier canvbe readily seen in the upper lefﬁ,photo;

vThg morphology of the scale cross section on the eroded-corroded
side of the gpecimen is quite different from that on the corroded only
surface. On the right hand side of Figure 12 is the secondary electrop
image and iron and chromium x-ray maps of the eroded-corroded scéle.
Thg 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—corroéion side, extending only to the'bgse of the columns.
This accounts for the oécurrence of the chromium peak in the surface
side.analysié 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 phg 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 developed a continuous C;203 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, nodu}es of
iron~-chromium spinel havg penetrated through the Cry04 sca}e 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.

11



Laser Raﬁan spectroscopy was used to idéntify the phases that were
present on the surface of the 304SS test.s;méles} Figufe 14 shows the
Raman séectra for the gérrbded surface. The peak at 570 is Cr,04, the
peak at 660 is épineljand the small peak.at 1010 represents the
compounds 'in coal ash. Figure 15 shows the Raman spectra of an area on
the sufface of tﬁe!eroded—corroded side. The additioﬁal peaké over and
above those that dccurred in Figure 14 are due to coal ash-partiéles
adhering\to the surface. These spectra indicate that iron—chromiﬁm
spinel individual nodules forméd on theviron-chromium~nicke1 304SS
rather than the iron dxide nodules that férmed on the straigﬁt iron—'

chromium alloys.

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

the eroded-corroded suffaces when larger eroding particles were used'
which éould transfer a gréatef force to the surface upon iﬁpact, 50pm
and.100pm A1,04 particles were used to erode 4108S. All of the other
tesf conditions were ;he same as were used in theASPm coal ash tests.
It‘wasrthoughf that while the small, SPm coal ash particles used in the
earlier tests were too small to result in erosion being the domiﬂaﬁt
meéhanism, the larger particles could change that circumstance.

._Figure 16 shows the eroded-corroded surface of the 410SS afte;
eipdsure to £he three different size particles. It can be seen that as
tﬁe 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 Al1,05 erodent particles test. The greafer impact force of
the 100pm A1203 particles also cracked the scale that ﬁad formed,
providing excellent short circuit diffusion paths for corrosion.’

Figure 17 shows the cross section of the scales formed on the
corroded end eroded-corroded surfaces of the 4108S. 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 érobably knocked
off by 100pm Al,04 particles that lightly struck the back surface_of'
the specimen es-the result of eddying of the ges—particle streaﬁ. The
light impects could also have caused the felatively large eize voids
seen in Figure 12 to crack through and reeult ie the separaeion pf
scale‘layers.seen in Figure 17. | | |

The cross seetion of the eroded—corfoded side of.the'4IOSS
specimen in Figure 17 has three significant differences.f;om the‘
ereded—corroded surfaee shown in'Figure 12. First,.the’scaie is
considerably thickex on the eroded-corroded side than ie is on the just
cerroded side. Note the difference in magnification of the mierographs
in Fiéure 17. The scale on both sides of the specimen were'mueh nearer
in thickness for the 5pm coal ash erosion teees. .It'appeafs‘that the
more sevefe erosion conditions ehat oecurred when_the IQOPm size
particles were used enhanced the eorresion rate, maybe as the result of
cracking the coating as was shown in Figure 16 which_increased tee
short circuit diffusion which could occur. Definitive metal surface
regression rates tests will have to be perfoemed to establish bettee

exactly what is happening.

Second, the iron oxide scale layer is quite thick on the erosion-

13



corrosion surface compared to the spinel layer in Figure 17. This was
notvtheréase 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 iﬁferfaée which was observed in Figure 12 did not occur in
tﬁe,lOOpm Al,05 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.

DISCUSSIbN

The'obéervatidné that have been reported‘in this paper on the
nature of the combined erosion-corrosion process in éhromium beafing
steels have not been seén befére; Thegefore, the interpretationsiﬁf
cauées and effects are speculative at this time. .Much work remains to
be done befbre absblute mechanisﬁs can be defined and the effect of the
obsérvéd Béhaviér'on materials performance in industriai appliéations
kndwﬁ.b'Still; a significant start has been made to undérsténa the
effects of combiﬁed erosion-corrosion on matérials. Some 6fvthe
obééi&ations of fhe coﬁbine&'behavior that are of particular_interési
are diéﬁuéséd in this'sec£ion. The dominance of fhe éorrosion
praéesé.af ali.éonditiqps~of temperature; 5110§ compdsition, pa;ticie
siié ;n&'éfﬁer'éfosiohﬁconditibné.wés unexpected. It waé.thought that
when aﬁ.ieast the 100pm Al,04 particles were ﬁsed, the e?osion proceés:'
woﬁia be able to sweep oxide off the surface as it formed. The
meéhanisﬁ 6f elevafed fémperatufe corfosioﬁ-when the oxidizing’surface'
is,beiné mechénically affected during the process must follow diffe?éﬁt

rate laws than those that have been determined to be applicable to
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static corrosion. Parabolic and linear rates of corrosion are probably
replaced by accelerating rates of some type which are not defineable at
this time. L

One of the problems that is associated with determining ‘the
kinetics of the corrosion process is the inabilityrtO'pfecisely measure
the_me£a1 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 inva precise enough manner to use for kinetic
analysis.

A pattefn developed in the test series using 5pm 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
témperature and the severity of the surface environment (corrosion
compared to erosion-corrosion) increased, the dominant shape of the
iron oxide particle; 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 patternvoccurred.

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 ﬁore 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 ,‘thojugh thé._:scale thickness on the
erosion—'cc_:rrosi‘onv ‘surfacbe_ is c<l)nsiderab‘1vy greater than it is on the
corroded surface, the overall metal regression rate could be retarded
by the formation of the large, dense crystals of iron oxide 6n “th'e

surface (Reference 7).
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CONCLUSIORS
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 100pm 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'ﬁithvcorrosion

when SPm coal ash particles were used.

4., As the eroding particles increased in size to 100pm dia,’ the
eroded-corroded surface of the scale became considerably less textured

~than occurred when Spm dia particles 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



REFEREFCES
1. Levy, A., paper p;egented at NACE Conference,

' 'Berkeléy; Caiiférnia,Jah.'iQQZ,p:'£98; |
2; Ives, L., péper ﬁreséﬁted at the ASME Annual Meeting, Déc;-l976.
3. ,Foley,»i.; Levy, A. Wear Vol 91, No. 1, p 45.
4. Quadir, T., Shewmon, P. Met. Trans. A., Vol 124, p '1_176,"’(1.98'1).
5. Brown, R. Edington, J. Wear Vol 77, No. 3, pf.1163 (1982).

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

Alloys, EPRI Report CS-1454, July 1980.

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

ACKNOWLEDGMENT

Reseafch_spohgpred by the U.S. Department of EnergylundeerOE/FEAA
15 10 10 0, Advanced Research and Teghni;al Development, Fossil Energy
Materials Prograﬁ, Wérk Breakdown Structure Element LBL-3.5 and under

Contract No. DE-AC03-76SF00098.

18



FIGURES

10.
11.
12.
13.
14.
15.

16.

17.

Specimens in burner duct during testing.

_ Corroded and eroded-corroded surfaces of 1018 steel at 700°cC.

Ccrroded and eroded—corroded.surfaces of 2 1/4CrlMo steel at 700°C.
Corroded and eroded—corroded surfaces of 2 1/4CrlMo steel at 800°C.

SEM-KEVEX analysis of scale surface on eroded corroded 31de of the 2
1/ 4CrlMo steel at 800°c.

Corroded and eroded—corroded surfaces of SCr1/2Mo steel at 800°C and
875°C.

Corroded and eroded—correded surfaces of 9Cr1Mo‘stee1 at 925°C

SEM-KEVEX analyses of the oxide column compos1t10n of the 9CrlMo steel
at 950°c.

Corroded and eroded—corroded surfacesruf 9CrlMo steel at 800°C and 950°C.
Corroded and eroded-corroded surfaces ‘of 410SS at 950°C.

SEM-KEVEX analyses'of columns of scale on 410SS at 950°C.

Cross section of corroded and eroded-corroded surfaces of 410SS at 950°C.
Corroded and erodedfcorrgdedvsurfacesoof 304SS at 1000°C.
Raman spectra of corroded surface of 304SS at 1000°cC.

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

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

Cross sections of corroded and eroded-corroded scale of 410SS at 950°C
eroded by 100pm Al,04 particles. '

19



TABLE 1

ALLOY COMPOSITION (NOMINAL)

ALLOY
- Cr - Niv Mo Si~ Mn C .P/S - max Fe
1018 0.5 0.2 0.09 bal
2 1/4cx 2.2 0.9 0.3 0.4 0.2 0.02 bal
1Mo - o . . : , .
scr 5.1 0.6 0.02 0.5 0.1 0.02 bal
1/2Mo g - .
9Cr 1Mo 9 1.0 0.5 0.5 . 0.15 0.02 bal.
41088 12 1.0. 1.0 0.2 0.1 bal
30488 - 18 9 1.0 2.0 - 0.1 0.1 bal
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CBB 834-3754

Fig. 1. Specimens in burner duct during testing
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XBB 837-6076

Fig. 5. SEM-KEVEX analysis of scale surface on
eroded-corroded gide of the 2 1/4 Cr
1Mo steel at 800 C
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Fig. 7. Corroded and eroded—cgrroded surfaces of
9 Cr 1Mo steel at 925°C XBB 820-9329
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Fig. 10, Corroded and ergded—corroded sur faces
of 4108S at 950 C XBB 820-9325
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Fig. 1l1. SEM-KEVEX analyses of columns of
scale on 410SS at 950°C
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Fig. 12. Cross section of corroded and eroged—
corroded surfaces of 410SS at 950 C
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Fig. 13. Corroded and eroged—corroded surfaces
of 3048S at 1000 °C
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