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ABS'lllACl 

The primary mechanism of scale formation on iron-chromium alloys 

exposed to elevated temperature gases and small, solid particle 

impacts is the nucleation and growth of nodules. In combined erosion

corrosion at elevated tempeatures in the 7500 -9000 C range in air, the 

initial particle impacts on the alloy surface cause localized damage 

that promotes the growth of nodules. The nodules have distinct, 

multi-layer morphologies and can grow together to become a more or 

less continuous scale. 

Metallographic evidence is presented that defines the morphology 

of nodules from near nucleation to their interconnection to form a 

continuous scale. The mechanism of nucleation and growth is described 

and the composition of the various constituents of the nodules are 

related to the mechanism. The sequence of events that stops the 

growth of the nodules is described. The distribution of nodules 

across an eroded-corroded surface is related to the variations that 

occur in part ic le impact concent rat ion. Meta 1 surface coverage by 

building of scale layers and by the growing together of nodules of 

scale is compared and related to metal loss rates. 

IBTKODUClIOB 

The investigation of the combined erosion-corrosion (E-C) of 

iron-chromium alloys in elevated temperature, oxidiziug environments 

has resulted in the observation of several different types of oxide 

scale microstructures. The observed morphologies have been helpful in 

understanding the mechanisms and rates of surface deterioration by 
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combined mechanical chemical action. In all cases corrosion was the 

dominant mechanism with oxide scales completely covering the surfaces 

exposed to gas streams containing small, solid particles. Varying the 

two phase flow, test conditions resulted in markedly different scale 

morphologies occurring on the same alloy tested in essentially the 

same, high oxygen containing gas (air or oxygen~rich combustion gas). 

The results of the investigation to date are contained in 

reference 1-4. The scales formed varied from layers of multi

component sca les with smooth need Ie-like, or columnar sing Ie oxide 

outer layers to two types of nodular oxide scale. The subject of this 

paper is the formation of nodules on the surface of oxidized iron

chromium alloys tested in a combined erosion-corrosion (E-C) 

environment. 

Nodules have been observed and reported infrequently in the 

elevated temperature corrosion literature. Most authors have little 

more than noted their occurrence in static corrosion exposures while a 

few have attempted to explain their format ion. [5-13] In the paper s 

that report and analyze the occurrence of nodules they are reported to 

occur over only a small percentage of the corroded surface, ranging 

from only 1% in a dry oxygen test at 800 0 C to 20.6% in a wet oxygen 

test in one study.[6] Their nucleation was speculated to be the 

formation of defects in the initial, thin scale layer that covered the 

alloy as the result of undefined occurrences at discrete locations. 

The impact of small, solid particles on the elevated temperature, 

oxidizing surface in the investigation reported herein causes 

mechanical damage to the initial scale at discrete locations. This 
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damage provides the stimulus to scale growth that causes nodules to 

form which have basically the same morphology as those which have been 

observed in static corrosion. Particle impacts in combination with 

corrosion results in nodule nucleation and growth being the primary 

means of scale formation. E-C provides a unique opportunity to study 

the nodules that others have only been able to observe under less well 

defined formation conditions. 

Two distinctly different nodule morphologies have been reported 

in the static corrosion literature. The primary type has a generally 

rounded shape and two major elements separated by a porous, cracked 

scale layer. The upper element is a dense, outward growing scale of 

the alloy's major element (Fe, Ni, Co) and an oxidant (0,5). It 

occurs above the plane of the continuous, flat, thin,' scale that lies 

parallel to and in contact with the metal substrate. The lower, 

inward growing element's composition is a combination of the major 

element in the alloy and the principal minor element added to form a 

protective scale (Cr, AI) in the form of a solid solution or spinel 

scale that occurs below the plane of the metal substrate. This type 

of nodule is reported in references 5-12. 

The second type of nodule that has been reported in the 

literature appears to be more rare. It is basically a rosette of 

petals of the major element and oxidant that rises out of the 

continuous, flat scale that covers the metal substrate.[13] Both 

types of nodules occurred in the E-C of iron-chromium alloys reported 

herein. The literature references will be used, as appropriate, to 

help explain the mechanisms of nodule growth. 
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Test Conditions 

The test conditions used in the E-C tests were selected to 

simulate portions of the operating environments which can occur in 

equipment used to convert or utilize energy from pulverized coal. The 

test material selected, 9CrlMo steel, is a commercial iron-chromium 

alloy that· is used in elevated temperature process equipment. All of 

the experiments were carried out in the elevated temperature erosion 

tester described in reference 2. The test conditions are listed 

below. The partial pressure across the tester's nozzle to result in 

the selected particle velocities was calculated using a computer 

program described in reference 14. 

Temperature: 8500 C ~15° 

Particle velocity: 20-70 mls 

Particle flux: 

Test duration: 

Impingement angle: 

Erodent: 

Particle size: 

2.5 g/min. 

5 hours 

300 , 900 

Angular A1203 

100-150pm 

The 9Cr1Mo steel used was cut from a 1" thick, 5" ID pipe which 

was flattened in a roll and annealed at 925 0 C. Its composition was 

nominally 9Cr, 1Mo, O.lSC, 0.75Si, 0.45Mn, balance Fe. Specimens 

whose size was 17.5 X 17.5 X 2mm were prepared by milling and 

polishing to a 600 grit finish. 

To prevent oxidation of the test surface prior to the test, 

undried nitrogen was passed through the erosion tester until the 

specimen reached the test temperature. After the test, the specimen 
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was quickly removed from the furnace section of the tester and placed 

under a protective flow of nitrogen until it had cooled to 

approximately 300 0 C, to prevent further oxidation. Some spalling of 

the scale on the test surface occurred during cooling. Optical and 

scanning electron microscopes (SEM) were used to observe the 

specimens' surfaces and cross sections. KEVEX and x-ray diffraction 

were used to determ ine the compos it ions of the sea lese 5% nitr ic 

acid was used to etch some of the cross section micrographs. 

RESULTS 

Surfac"e Topography 

The formation of nodules occurred at both of the impingement 

angles used,a=30 0 and 90 0 • At a=90 0 the nodules were primarily 

observed after tests performed at the lower particle velocities, V=2S, 

30 m/s. At a =30 0 , nodule formation was observed at all test 

velocities. Figures land 2 show the nature of the topography of the 

eroded-corroded surfaces. 

Roclular Growth in Halo Zone 

Figure 1 shows a macro view (photo no. 1) of a specimen, eroded at 

an angle of a=300 and a velocity of 70 mIs, along with micrographs of 

the three distinct scale morphologies which developed. The direction 

of particle impact in all figures in this paper is down from the top of 

the photos. The center area has a comparatively smooth, continuous 

scale that is shown in photo No.2; it is designated the center of the 

primary zone. The large, white area has the '~" shaped microstructure 

of the sea Ie shown in photo No.3; it is designated the primary zone. 
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The morphology of the. primary zone is described in more detail in 

reference 3. The white color is due to a layer of alumina erodent 

particles that deposited on the surface by the end of the test. The 

3rd distinct scale morphology is shown in photo No.4. It consists of 

nodules of iron oxide, many of which can be individually seen, randomly 

distributed over the flat, continuous surface of the scale. This zone 

occurs outside of the white area and is designated the halo zone. 

Boggs reported ,6. that individual nodules could be popped out of the 

substrate by using a sharp needle. 

The macro photo of the erosion area in Figure 1 has a white region 

of A1 203 covering the primary zone. In the center area of the primary 

zone where the scale surface is smoother, the A1 203 layer spalled off 

on cooling. In the remainder of the primary area, where the "V" 

shaped scale morphology occurred, the A1 203 layer remained. Evidence 

that will be presented later indicates that the alumina layer slowly 

builds up a thin, loosely structured layer during the test. It can be 

readily washed off the cooled surface in an ultrasonic water or alcohol 

bath, indicating that it is a loose, non-adherent deposit. 

The halo zone consists of a surface of nodules. Photo No. 4 of 

the area near the division between the primary zone and the halo zone 

shows a "V" shaped scale area interspersed with distinct nodules of 

Fe203+Cr (determined by KEVEX peak analysis) as will be discussed in 

detail later. 

A topographic feature of interest in photo No.3 of Figure 1 is a 

crater produced by a nodule that has been knocked off the surface. It 

is gradually filling in with newly formed scale, a portion of which has 
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some small "V" shaped notches in it (at the top of the crated. This 

occurrence indicates that nodules formed initially over the entire 

surface as the result of the initial impact of particles. 

Subsequently, these either grew together or were knocked off by 

particle impacts and filled in, resulting in a more continuous scale 

forming in the primary zone. 

Figure 2 shows higher magnification micrographs of the principal 

scale morphologies which occurred in a=30 0 erosion tests at V=70 m/s. 

Photo No. 1 depicts the relatively smooth, continuous scale in the 

center of th~ primary zone, showing discontinuities but no cracks. 

Photo No.2 shows the coarse, "V" shaped notches that occurred in the 

primary zone. The difference in the topography between photos land 2 

accounts for the adherence of the loose particle alumina layer which 

deposited on the surface at the end of the test. 

Photo No~ 3 of Figure 2 shows nodules on a smooth base scale. 

Some of the nodules were observed to have small bumps on portions of 

them while others appeared to have eroded areas. Some nodules had 

bumps over their entire surfaces. Photo No.4 shows a nodule and an 

adjacent crater from which a nodule has been knocked off. The bottom 

of the crater has a grain pattern which reflects the grain size of the 

underlying metal, similar to the pattern observed in tests performed at 

an impact angle of a=90 0 .[3] The base scale out of which the nodules 

have grown is very thin, as evidenced by the still visible straight 

polishing marks produced during specimen preparation prior to the E-C 

test. Comparison of photos 3 and 4 in Figure 2 illustrates the effect 

of particle flux on scale formation. Photo No. 4 was taken far out in 
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the halo zone where relatively few particles had struck, whereas photo 

3, was taken near the primary zone where considerably more particles 

struck the surface. The variation in erodent particle impact density 

across the erosion zone is discussed in reference 3. The thicker scale 

in photo 3 is due to scale growth enhancement by impacting particles, 

observed in earlier experiments.[l] 

The nature of the nodules can be seen in more detail in Figure 3. 

An area well out into the halo zone is shown where particle impacts are 

less dense. It can be seen that nodu les tend to be c ircu lar in shape. 

In so~e instances two or more circular nodules have grown together. In 

the lower center of the figure, the outer or upper element of part of 

two nodules which have grown together has been knocked off by an 

erodent particle. The top of the inner, lower element can be seen. It 

has a different morphology than the outer, bumpy surface of the upper 

element. Peripheral cracks can be seen separating the lower element 

from the base metal and the thin, continuous scale which has formed on 

it. This separation plays a major role in the life of the nodule. In 

four places in Figure 3, erodent particles have knocked both the upper 

and lower elements of the nodule off the surface. The crack formed 

between the nodule and the base metal makes it possible for this to 

happen. The crater in the center of Figure 3 is the same one shown in 

Figure 2. 

Eroded nodules on the surface of specimens tested at =90 0 are 

shown in Figure 4. Their eroded surfaces are similar to the eroded 

portions of the nodules shown in Figure 2 (photo 3). Some of the small 

bumps that typically occur on the nodules can be seen around the base 
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of the eroded nodules in Figure 4. 

Bodular Growth in Primary Zone 

The effect of a lower set particle velocity out of the nozzle on 

the scale morphologies of specimens tested at an impingement angle of 

a=30 0 can be seen in Figure 5. The center of the primary zone at the 

low set velocity of V=25 m/s in this test consists of clumps of "V" 

shaped notch scale areas. There is no evidence of condensed, smooth 

surface scale in the center of the primary zone as occurred in the V=70 

m/ s tests. The same "V" shaped notches occur in V=70 m/ stests but 

outside of the center of the primary zone where the particle velocities 

are lower. In the V=25 m/ s test, the scale outside of the center but 

still in the prima~y zone consists of nodules which are growing 

together to become a continuous scale. In V=70 m/s tests, these same 

nodules occur further out from the center in the halo zone. 

The occurrence of the clumps of scale in the center of the pr1mary 

zone relates to the mechanism of scale loss. Nodules grow together to 

form a more continuous scale but not a truly continuous scale as formed 

in a=90o tests. It is postulated that these discontinuties are present 

even at V=70 m/ s at a=30 0 , and account for the inability of the scale 

to build up the stresses required to cause periodic spalling which 

changed the scale loss mechanism in the a=90 0 tests.[3] 

There is one small area in Figure 5 which shows evidence of 

spalling. In this region, erosion etching of the scale that was 

commonly observed in the a=90 0 impingement tests [3] can be seen. 

Spa 11 ing was a re lat ive ly rare occurrence in the a=30 0 test s at all 
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velocities. The scale in the spalled-off region was growing into a 

continuous scale. The uneven nature of the scale surface indicates 

that the spall fracture plane was not at a constant level across the 

spalled zone. This lack of spalling at 0.=30 0 is yet another 

difference between the 0.=30 0 and 90 0 impingement angle tests. The 

morphology of the scale in the spalled area is another indication that 

nodules only occur once in the scale growth history of a specimen as 

the result of the initial impacts of individual particles on the thin 

scale of the untested metal surface. 

Cross Section of Rodules 

Figure 6 shows the morphology of a typical nodule and identifies 

the composition of the various features in its immediate area. The 

nodules appear to grow in a layered manner with small bumps occurring 

on both inside and outside layer surfaces. In some instance, the bumps 

are apparently broken off, as can be seen in location 3, or eroded off, 

see Figure 2. In the case of the 0.=90 0 impact angle tests, Figure 4, 

the small bumps on the main mass of a nodule are eroded away, but not 

those around the base. 

The relatively smooth surface scale alongside the nodules that is 

well below the plane of the top of the nodule is Fe203 as indicated in 

KEVEX peak No. 1 and by x-ray diffraction. The composition of the 

outer surface of the nodule is Fe203 as indicated by peak analysis No. 

2 and x-ray diffraction. A small, residual amount of alumina erodent 

remains in the surface crevices of the nodule resulting in an aluminum 

peak. Peak analysis No. 3 of the top of the lower element of the 

.nodule indicates that it is an iron-chromium oxide. The opening in the 
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top of the nodule was made prior to the end of the test exposure as 

some alumina is indicated to be on the surface of the inner layer. 

The cross section of a fully developed nodule, unetched, is shown 

in Figure 7, along with KEVEX peak analyses identifying its 

compositions. It can be seen that each nodule system has an upper 

element above the general plane of the scale and a lower element that 

extends down into the base metal. This scale morphology has been 

observed by others.[5,6,7,9] It appears that the nodule system must be 

in direct contact with the base metal to form and grow. It is not 

observed to grow on topo! an already established, thick scale layer. 

A por~us, cracked scale area occurs between the two basic elements 

of the nodule. Some of the void areas extending into the upper element 

of the nodule are quite large, thinning the upper element wall enough 

so that pieces of the nodule surface can be broken off by impacting 

particles, as is seen to have occurred in Figure 6. The one on the 

left side of the main nodule in Figure 7 is an example. In most cases, 

the scale constituting the upper element of the nodule is relatively 

dense but does contain some porosity and cracks as is shown in Figure 

7. The cross section of the bumps on the nodule's upper element can be 

readily seen. The composition of the upper element of the nodule 

system is FeZ03 with none or a small amount of chromium in it. In the 

nodule cross section there is no indication of A1 Z03 erodent. This is 

an important observation, relating to when and how alumina gets and 

remains on the eroding surface. 

The lower part of the nodule system consists of a dense structure 

that has cracked free from the base metal. Removal of both the upper 
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and lower elements of the nodule system by particle impacts after it 

has cracked free from the base metal results in the smooth walled 

crater shown in Figure 2. The composition of the lower element of the 

nodule system is iron oxide with dissolved chromium in it. The 

composition of the segments of sca.le in the crack between the base 

metal and the lower element of the nodule is a brittle FeCr204 spinel, 

which accounts for the crack that has formed. The higher Cr content in 

the crack zone compared to the Cr content of the bulk of the lower 

element shown in x-ray maps and by x-ray diffraction indicated that the 

scale in the crack zone was FeCr204 and not iron oxide with dissolved 

chromium in it. 

An earlier stage in the formation of the nodule systems is shown 

in Figure 8. The unetched micrograph shows the system at a time when 

the outer Fe203 scale has not yet consolidated to its eventual state 

and the inner, chrom ium conta ining iron oxide format ion has not yet 

separated from the base metal. The diffusion paths to feed the 

chromium and iron up through the system fast enough to form the nodule 

system are still in place. The actual diffusion rates of iron through 

the iron oxide-chromium solid solution have not been measured. They 

are assumed to be greater than the rate of iron through the base metal 

because of the morphology and composition distribution of the nodule 

system. The mUltiple layer aspect of the upper element of the nodule 

shown in Figure 6 can be seen in cross section in Figures 7 and 8 • 

Another representative nodule system, etched with a 5% nitric acid 

solution, is seen in Figure 9 along with x-ray maps for Fe and Cr. The 

x-ray maps, as verified by x-ray diffraction, indicate that the upper 
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element of the nodule is Fe203 and does not contain any chromium. The 

lower element of the nodule system is shown to be a Cr containing iron 

oxide. The scale segments in the crack between the lower element of 

the nodule and the base metal were identified by x-ray diffraction to 

be FeCr204. 

Surface Texture of Eroded Scale 

Stereo SEM observations indicate that the height of the nodules 

above the general p lane of the scale and the depth of the "V" or "U" 

shaped notches below it are great. The dimensions of the two types of 

surface morphologies are indicated in Figures 10 and 11. The height of 

the nodule shown in Figure 10 has shielded the region directly behind 

it from alumina erodent impacts because of its height. The Al map, 

therefore, shows no presence of alumina. The presence of iron on the 

base plane's scale in the shadow of the nodule indicates that the SEM's 

x-ray detector was located so that it could see that side of the 

nodule. The direction of the 30 0 impact angle particles is from the 

upper left side of the micrograph. The steep side of the nodule is 

indicated in Figure 10 by the low amount of alumina found on the left 

side of the nodule. In the stereo view, this side has a near vertical 

wall. 
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Figure 11 shows the texture of the deep grooves that are formed in 

the scale as the result of shallow impingement angle particle impacts. 

It can be seen that at the root of each "V" or "U" shaped groove there 

is no alumina present while enough alumina exists on the upper edges of 

each groove to make it white. The stereo view of this micro-structure 

showed that the grooves are sharp and deep below the whitened edges, 

deep enough to shield the areas at their base from being impacted by 

alumina particles after they have been formed. Hence, in Figure 11, 

the Al x-ray map shows no alumina in the immediate area of each groove.' 

Since the deposition of alumina occurs essentially until the end 

of the time that the specimen is in the erosion tester at temperature, 

if it is not cleaned off the cooled specimen it can indicate when scale 

loss occurred. Figure 12 shows an area of nodules on a test surface 

that was not cleaned in an ul trasonic bath after testing. The x-ray 

maps indicate that alumina particles remained on all surfaces after the 

test except the surface of the nodule identified No. 1 and on the 
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shadow side of some of the higher nodules, as was discussed earlier 

(Figure 10). The outer layer of nodule No. 1 was knocked off after 

the specimen had been removed from the tester and, hence, had no 

alumina on it. 

It is also interesting to note the porous nature of the iron

chromium oxide that constitutes the lower element of the nodule. The 

thin zone of iron-chromium oxide spinel that separates the lower 

element of the nodule from the base meta 1 can a Iso be seen in the Cr 

maps of Figure 12. Comparing nodule No. 1 in Figure 12 with photo No. 

4 in Figure 2 indicates that Figure 12 shows a nodule location which 

has only had its upper element removed while Figure 2 shows a nodule 

location where both the upper and lower elements have been removed. 

Ron-Typical Bodule Jforphologies 

While the great majority of nodules observed had the same type of 

cross sect ion, as shown in Figures 7, 8 and 9, there were cases where 

the nodules had various modifications to the basic cross section. 

Figure 13 shows four non-typical nodules; 3 etched and 1 unetched. 

They are being studied further, particularly the formation and location 

of the dense a-iron layer that can be seen generally occurring parallel 

to the plane of the base metal. 

Rosette Type Bodules 

Another type of nodule has been observed on E-C surfaces that were 

exposed to more mild test condit ions. i.e., somewhat sma ller, lOOrm 

dia. ave particles and lower, V=5 mIs, particle velocities in oxygen 

rich combustion gases. The nodule was a rosette with delicate petals, 
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as is shown in Figures 14 and 15, on 9CriMo steel and 5Crl/2Mo steel 

respectively. Details of the investigation in which these scale 

morphologies were observed are presented in reference 1. Efforts to 

cross section the rosettes have, thus far not been successful because 

of the delicacy of the structure. Therefore, details concerning the 

nucleation and growth of this type of nodule are more speculative. 

Mitchell observed a similar type of nodule and speculated on its 

occurrence in reference 12. The nodules that he observed were more of 

a cross between the rosettes and the nodules primarily reported on 

herein. 

DISCUSS lOB 

Static Corrosion Bodule Foraation 

Several mechanisms for the growth of nodules in static corrosion 

tests have been described in the literature. In reference 5, Wood and 

Whittle described the Cr203 layers that form on Fe-Cr alloys and 

stainless steels in oxygen above 800 0 C as becoming detached from the 

base metal in random areas and arching outward because of the stresses 

that develop during oxide growth. Cracking of this blistered oxide 

then exposes chromium-depleted surface underneath to the oxygen and 

iron-rich nodules begin to form. When the cavity under the lifted 

Cr203 film becomes filled with growing oxide, the roof could crack off 

and allow unimpeded growth of the nodular oxide. Thi~ mechanism does 

not agree with the composition and morphology of the nodules observed 

in the study reported herein. However the concept of an initial, 

continuous oxide layer on the surface prior to the development of 

nodules is applicable to the nodule formation mechanism postulated 
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herein. 

The most detailed description of nodule scale nucleation and 

growth was found in a paper by Boggs [6] who was studying the oxidation 

of iron-aluminum alloys at 4500 -9000 C, rather than the iron-chromium 

a lloys used in the present invest igat ion. The composition and 

morphology of the iron, aluminum oxide nodules was very similar to the 

iron, chromium oxide nodules described herein. He postulated 

mechanism of nodule formation as follows: "The formation of the 

protective alumina film on the surface of the alloy depletes the alloy 

of aluminum in the region adjacent to the oxide so that this region 

becomes iron rich in comparison with the bulk of the alloy. When a 

break occurs in the alumina film,oxygen comes in contact with this 

iron-rich layer and nucleates an iron oxide nodule. Oxygen can diffuse 

through the iron oxide of the nodule into the substrate where it then 

reacts with aluminum to form the dispersed alumina phase (internal 

oxidat ion process)". If chromium is substituted for aluminum in the 

above descript ion, it comes close to the nodule formation mechanism 

that is postulated in this paper. 

Further, Boggs speculates that the formation of the internal oxide 

eventually isolates it from the metal substrate and stops the growth of 

the nodule. This thought is also part of the mechanism proposed herein 

although Boggs attributes it to densification of the internal oxide at 

the scale-alloy interface. Cracking at the interface was observed in 

the present study to isolate the nodule from its supply of cations for 

further growth. Boggs does describe plastic deformation of the base 

metal around the periphery of the nodule that he attributes to the 
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increased sub-surface volume of the oxide nodule. He also discusses 

that a hydrated form of aluminum oxide which is more easily cracked or 

separated from the substrate may be involved. He stated that "the 

oxide films apparently lost contact with the substrate resulting in a 

virtual halt of oxidation." He also said that the spinel, FeA1 20 4 

constitutes a barrier to the diffusion of iron. It is proposed that 

the volume mismatch and the spinel composition of the scale at the 

nodule-substrate interface of the iron-chromium system studied in the 

present work are responsible for the cracking that separates the nodule 

from the substrate and stops the growth of the nodule. 

Boggs in reference 6 describes the composition of the nodule as a 

ha rd, outer she 11 of a Imost pure a-Fe203 and a porous inter ior 

containing Fe304' FeO, a-A1 203 and, in the case of wet oxygen, FeA1 204 

spinel. In the work reported herein, the outer shell is also a-Fe203' 

but the interior is somewhat different in composition, as will be 

described later. Also, the morphology of Bogg's nodules, while similar 

to those observed in the present study, do have some important 

differences. 

M. Sakiyama, et al in reference 7 describes nodules observed n the 

oxidation of iron-nickel-aluminum alloys at 600 0 -800 0 C. The nodules 

which they observed in only some of their tests had a cross section 

morphology that was very similar to those observed in the present 

study. The composition of their outer layer was Fe203' the same as 

reported herein. However, the composition of their inner layer 

differed in that it was reported to be essentially A1 203 with some 

FeA1 20 4 while the inner layer in the present study contained 
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considerable iron as well as chromium. As in Boggs work, one has to 

substitute the element chromium for aluminum when comparing the work 

reported herein to Sakiyama's work. 

Sakiyama, et al attributed the nucleation of nodules to the same 

mechanism as Bogg s did i.e., the diffus ion of oxygen through defec t s, 

cracks or faults in an initially protective A1 203 film to an alloy 

surface that is depleted in aluminum. They stated that "the reason for 

iron oxide nodule nucleation is obscure" as they could not readily 

account for the occurrence of defects in the initial protective A1203 

scale that would permit oxygen to diffuse through in the quantities 

necessary to form such large structures as the nodules they observed. 

They attempted to relate the location of the defects in their static 

corrosion case to grain boundaries in the external scale or the bulk 

alloy because they would be rapid diffusion paths for cation or anion 

transfer. The very small size of the grains of oxide and the location 

of several grain boundaries of substrate metal beneath each nodule 

observed in the present study make it difficult to relate scale or 

metal grain boundaries to the source of defects that cause nodule 

formation. However, such defects can be easily understood to occur as 

the result of erodent particles striking the initial oxide film on the 

metals' surface, as reported herein. 

Cox, et al in reference 8, a study of the initial oxide growth on 

Fe-Cr alloys, attributes the formation of nodules to vacancy 

condensation at "suitable sites in the specimen". They state that the 

metal-oxide interface 1.S the most favorable site for condensation to 

occur where voids are then nucleated. When the void develops, the 
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oxide above it becomes mechanically unstable and collapses under the 

external pressure of gas. The fracture in the scale allows direct 

access of gaseous oxidant to the metal surface which is depleted in 

chromium, allowing spinel oxide to form. 

The growth of the nodule resulting from the mechanism proposed by 

Cox primarily occurs around the periphery of the nodule where the 

oxygen can get to the metal oxide interface most readily_ This 

observation does not agree very well with the observed morphology of 

the nodules in the present work. It was difficult for those studying 

static corrosion t~ develop a reason for a defect occurring that could 

change the kinetics of the oxidation process enough to produce a 

nodule, in an otherwise protective initial scale in static corrosion 

that could In the work reported herein, the source of the defect in the 

initial scale, an impacting erodent particle, can comfortably account 

for altering the initial scale in the specific location it strikes 

enough to markedly alter the oxidation kinetics. 

Kuroda, et a1 [9] investigated the nucleation and growth of oxides 

at 700 0 -800 0 C in low and higher chromium containing iron-chromium 

alloys. They concluded that for dilute chromium content alloys the 

oxide scales are outward growing and for higher chromium containing Fe

Cr alloys, the scale growth is inward, generally having a spinel 

composition. This observation could be related to the two element 

structure of nodules where the upper element is iron oxide and the 

lower elements is Fe-Cr oxide. 

In Kuroda's work the upper element consisted of a thin, outer 

layer of a-Fe203 and the main bulk was Fe304- In the work reported 
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herein, the upper element was all a-Fe203. The lower element of the 

scale reported by Kuroda was primarily FeCr204 spinel while the lower' 

element of the nodules formed in E-C tests was primarily a Fe-Cr solid 

solution with only some spinel being indicated. 

The nodules reported by Hindam and Whittle [10] were developed' in the 

scale formed on Ni-25Cr and Co-25Cr alloys that were exposed to H2H2H20 

atmospheres at 9000 -10000 where the scale products were sulfides, 

not oxides. Their cross sections and surface morphologies were similar 

to those of the oxide nodules reported herein, but the upper elements 

consisted of nickel or cobalt sulfide and the lower elements were 

chromium sulfide. Thus the information gained in the study of E-C in 

oxidizing environments reported herein may well be applicable to E-C 

in sulfur bearing gases. 

Where applicable, information: gained from the static corrosion 

studies reviewed in this section will be used to help explain the 

nodule formations which were observed on the iron-chromium alloys in 

the investigation reported herein. A somewhat arbitrary exchange among 

the elements of the alloys studied by others, i.e. Ni, Co, Al and those 

in the present study, i.e., Fe, Cr has been used to relate the static 

corrosion work to the E-C work. 

Erosion-Corrosion Rodule Formation 

The basic premise of the proposed growth mechanism for the nodules 

observed ~n this study is that the initial impacting particles locally 

fracture at discrete locations the already formed, thin oxide film that 

is on the untested specimen.[6-9] This provides randomly located bare 
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metal areas 10-30 microns in diameter. The reactivity of these 

mechanically deformed areas is much higher than that of the undamaged 

areas covered by the initial oxide film surrounding them. These 

defects in the oxide film provide the locations that are conducive to 

the growth of the nodules. Also, it is known [15] that the severe 

plastic deformation that occurs in the target ductile metal beneath 

particle impacts heats the deformed area. The resulting higher 

temperature in the localized nodule formation sites probably also 

contributes to their rapid growth. The presence of a-Fe203 rather 

than Fe304 as the primary oxide of the nodule [6,8,9] is another 

manifestation of the higher local temperature in the deformed crater. 

The high activity and temperature in the erosion-formed crater 

causes a rapid growth of a-Fe203 with little or no chromium in it. It 

fills the crater and extends its effective diameter by several times. 

The larger volume of the oxide compared to that of the metal 

surrounding it [6] forces the oxide growth up above the plane of the 

metal and a nodule is formed. During the early portion of the nodule's 

growth a close bond is maintained between the base metal and the oxide 

filling the crater, Figure 8. This bond is essential for the rapid 

transit of iron up to the oxide-gas interface at the rates necessary to 

grow nodules. Chromium is also diffusing upward, but at a much lower 

rate. 

As the upper element of the nodule grows above the original plane 

of the metal, Figure 8, it tries to cover a larger surface area and, as 

a result, begins to form cracks and voids. These defects permit gas to 

penetrate the upper element and concentrate in the voids. The 
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combination of the gas pressure and the differential volume between the 

nodule and its surrounding metal is sufficient to break the bond 

between the a-Fe203 dome or upper element and the a-Fe203 that is 

filling the crater. This break occurs at a line approximating the 

original plane of the metal because the stresses are the highest at 

this location. It occurs somewhere midway in the growth period of the 

nodule. 

When the upper element of the nodule separates from the lower 

element it leaves an area of fractured oxide between them. The gas 

pressure that builds up in the voids between the fractured segments can 

result in the formation of caverns as seen in Figure 7. Separation of 

the two elements of the nodule also cuts off the diffusion path for 

chromium to reach the upper element and it, therefore, remains an iron 

oxide with little or no chromium in it. 

Chromium, which is now more concentrated in the base metal beneath 

the nodule as the result of the consumption of the iron in the nodule's 

oxide scale formation, slowly diffuses upward through the lower element 

of the nodule to the fracture area between the upper and lower elements 

of the a-Fe203' It is dissolved in the lower element oxide, forming a 

Fe-Cr oxide solid solution that extends from the oxide debris area 

between the upper and lower elements down through the lower element to 

the nodule-metal interface. (see points 3 in Figure 7 and the Cr x-ray 

map in Figure 9). 

The chromium composition gradient through the lower element of the 

nodule eventually develops a chromium concentration level at the nodule 

lower element-base metal interface that causes a layer of FeCr204 
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spinel to form. The spinel that forms is more brittle than the solid 

solution Fe-Cr oxide it is in contact with and the differential volume 

stresses between the lower element oxide and the base metal causes the 

spinel to crack, Figures 3,7,9 and 12. When this happens the diffusion 

paths for iron and chromium up from the base metal are severed and the 

nodule effectively stops growing.[6] .. . 
In the outer part of the erosion-corrosion area's ha 10 zone, the 

initial erodent particle impacts are far enough apart that the 

individual nodules are separated from one another at the time that they 

stop growing, Figures 1,2 and 3. In some cases two or more particles 

happe~ to st r ike c lose enough together to have the resu It ing nodu les 

grow together, Figure 3. Closer to the center of the E-C zone, the 

initial particle impact craters are close enough to have the nodules 

grow together before their growth is stopped, Figure 5. 

Formation of Continuous Scale fro. Bodules 

It is thought that the nodules nucleate only once and in craters 

that occur at the beginning of the test when erodent particles strike 

and fracture the initial, pre-test oxide film on the uneroded metal 

surface. This is based upon several observations made in this 

investigation of the scales that are formed. Separate nodules growing 

out of flat background scale were observed only at a distance out from 

the center of the impact zone where relatively few impacts occurred 

(Figure 1). In the primary zone where the particle impact density was 

high, no separate nodules were observed (Figures 1 and 5) growing on 

top of the continuous scale. However, the initial presence of nodules 

in the primary area that grew together can be seen in Figure 5. In 
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those cases where defineable craters were observed from which nodules 

had been knocked off, the surface in the craters was filling in with 

scale layers, not nodules (Figures 1 and 2). 

At a=90 0 where the particle impact area is considerably smaller 

than it is at a=30 0
, the density of particle impacts is higher at the 

periphery of the erosion area and no separate nodules were observed.[3] 

However there was ev idence that nodu les had init ia lly formed in the 

halo zone in a=90 0 tests, but were being eroded and blended into the 

general scale surface (Figure 3). Since there were initial impacts of 

particles on the original, uneroded metal surfaces at a=90 0 as well as 

at a=30 0 , there should have been nodules formed at the beginning of the 

a=90 0 tests if the proposed mechanism is valid. 

The growing together of nodules to form a somewhat continuous 

scale was observed at the low, V-2S m/ s velocity (Figure 5). At this 

ve loc ity, the part ic Ie concent rat ion at the surface is lower [31 and 

fewer nodules are initiated. They therefore, have more time to grow 

before reaching adjacent nodules and the resulting scale is less dense 

than that which forms at a=90 0 or at higher velocities where particle 

concentrations are greater. It can.be seen that the "~' shape notches 

formed in the center of the primary zone in Figure 5 occur on groups of 

nodules that have grown together to form domains but still have spaces 

between them. At this lower velocity, the scale at the center does not 

grow to be as continuous as occurs in the V=70 m/s tests (Figures 1 and 

2). The manner in which the scale grows to completely cover the base 

metal is a primary factor in the rate at which sound metal is lost in 

elevated temperature E-C.[31 At the 70 m/s velocity (Figure 1), 
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craters from which nodules had been knocked off filled in to form a 

more or less continuous scale (Figure 1, photo 3). Thus, there were 

two mechanisms active to cover over the surface of the metal with 

scale. Nodules that had formed from the initial particle impacts on 

the uneroded metal grew together and nodules which were knocked off the 

surface had their craters filled in with layers of scale, not new 

nodules. 
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COIlCLUSIORS 

1. Corrosion is the dominant mechanism in the erosion-corrosion of 
iron-chromium alloys at 8000 -900 0 C. 

2. Nodule formation is the primary mechanism of scale growth for the 
test conditions investigated. 

3. The basis for nodule nucleation in E-C is the fracture of the 
initial, pre-test oxide film and the formation of high activity, 
bare metal craters as the result of erodent particle impacts. 

4. Nodules have at least two basic elements, an upper element of 
0.-Fe203 that extends above the initial plane of the metal and a 
lower element of Fe-Cr oxide which extends below the initial plane 
of the meta 1. 

5. Nodule growth stops when a crack zone develops that separates the 
lower element of the nodule from the base metal. 

6. Nodules that form in E-C are similar to those which occur in 
static corrosion, but have some significant differences of 
morpbology and composition. 

7. Nodules maintain individual geometries in the halo areas of E-C 
zones where the concentrat ion of part ic Ie impact s is low, 
particularly in 0.=30 0 impingement angle tests. 
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FIGU1lES 

1. Macro and micro-photographs of erosion zone surface from a=30o, 
V=70 mls test. XBB 8411 8498 

2. Micrographs of eroded scale surface from a =30°, V=70 ml s test. 
XBB 8411 8499 

3. Nodules on eroded scale surface from a =300, V=70 ml s test. 
XBB 851 504 

4. Nodules on eroded scale surface from a=900, V=25, 30 mls tests. 
XBB 8411 8500 

5. Morphology of primary zone from a =30°, V=25 ml s test. 
XBB 849 6913 

6 . Nodules with KEVEX peaks from a=300, V&35 mls test . XBB 8411 8501 

7. Cross section of typical nodule with KEVEX peaks from a =300, V=35 
mls test. XBB 8411 8502 

8. Cross section of early stage of nodule formation from a =300, V=25 
mls test. XBB 8411 8503 

9. Cross section of nodule with Fe, Cr X-ray maps from a =300, 
V=35 ml s test. XBB 8411 8504 

10. Nodule with Fe, Cr, Al x-ray maps from a =30o, V=35 ml s test. 
XBB 8411 8505 

11. "V" shaped eroded surface with Al x-ray maps from a =30o, V=35 mls 
test. XBB 8411 8506 

12. Nodules on eroded scale surface with x-ray maps from a =300, V=30 
mls test. XBB 854 2686 

13. Non-typical nodule cross sections. XBB 851 506 

14. Rosette type nodule on 9CrlMo steel from a =45°, V=5 mls test in 
ACES burner. XBB 851 505 

15. Rosette type nodule on 5Crl/2Mo steel from a =45°, V=5 mls test. 
XBB 837 6095 
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Fig . 6. 
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Fig. 7. 
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Fig . 8. Cross section of eariy stase of 
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Fig. 9. 
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Fig. 12. 
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Fig. 14. Rosette t 6pe nodule on 9CrlMo steel 
from a=45 , V=5 mls test in ACES 
burner. 
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Fi g . 15. Roset t e type nodule on 5Cr1/2Mo 
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steel from a =45 , V=5 mls test. 
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