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J. H. Swisher, W. D. Cho, and W. W. Qiu Department of Mechanical Engineering and Energy Processes Southern Illinois University at Carbondale Carbondale, IL 62901

Thermal Healing of Defects in Oxide Scales on Iron-Chromium Alloys

ABSTRACT
An investigation completed earlier on the thermal healing of defects in Wustite scales on iron was extended to study the same phenomena in several Fe- Cr alloys. Included were a series of commercial Fe-Cr-Mo alloys containing up to 9% Cr, the 9% Cr alloy electroplated with Cr, and an Fe-25Cr-6Al alloy. Three types of experiments were conducted to study lateral mass transport of oxide into flaws introduced to simulate damage to protective oxide layers caused by particle erosion. It was found that flaw healing by lateral mass transport in the alloys was much slower than in unalloyed iron, which is understandable because elements like Cr and A1 improve general oxidation resistance by facilitating the formation of scales with low diffusion rates. Experiments with electroplated Cr coatings showed potentially beneficial effects with respect to both general oxidation and flaw healing behavior. Compared to unplated material, the oxidation rate was lower, and the FeO outer scale was more adherent. Also the Cr content of the oxide in healed flaws was higher than in the oxide adjacent to the flaws.



INTRODUCTION
In many fields of engineering and science, the size and sophistication of the body of published literature parallels its practical importance. The general oxidation of metals and alloys is a good example. Three of many books on the subject were published by Hauffe(l), Douglass(2), and Birks and Meier (3). Recent books on oxidation and other types of hot gas corrosion in coal combustion and coal conversion environments have been published by Meadowcroft and Manning(4), Norton(5) and Rothman(6). Since iron-chromium alloys have good resistance to thermal oxidation, their properties are discussed exten­sively in the books listed above. For the research to be described here, a relevant series of articles was published in a symposium book on corrosion of steels in C02(7-9). Depending on alloy composition and exposure conditions, the oxide phases formed may be CrjO-j, Fe-Cr spinels, iron oxides with dissolved chromium, and duplex scales containing two or more phases.
Only one article published prior to 1989 was found that discussed the healing of flaws in protective oxide scales on alloys. Schutz(lO) studied the formation and healing of flaws in high chromium alloy steels during thermal cycling. He found there to be a critical strain rate below which healing occurs by the formation of new oxide in the cracks. In 1989, a symposium was held which emphasized the combined effects of corrosion and erosion(ll). An article in this book by Swisher, Cho, and Chang(12) examined the thermal healing of defects in FeO on unalloyed iron. This research was a precursor to the work described here. It was found that lateral diffusion in FeO scales occurred sufficiently fast to contribute to the smoothing of scratches or grooves cut into the scale. These defects were designed to simulate damage to the oxide caused by abrasive particles. The results discussed in Ref. 12 are extended in the present study to examine the same effects in iron-chromium alloys.

EXPERIMENTAL
The compositions of the alloys used as specimen materials are listed in Table 1. Alloys in the Fe-Cr-Mo series are commonly used in boiler tubes and oil refinery plants, and are commercially available. Specimens of most of these alloys were procured from Metal Samples Co., Inc., Munford, Alabama. Grade 304 stainless steel is, of course, widely used at both ambient and elevated temperatures. The Fe-25Cr series of alloys was provided by Battelle- Columbus Laboratories, one of several U.S. Department of Energy contractors evaluating the alloys for fossil energy applications.
In addition, some specimens of the 9Cr-lMo alloy were electroplated with chromium to a thickness of 25 micrometers (0.001 in). It was found that the platings had to be diffusion bonded to the steel to resist spalling during oxidation. Diffusion bonding was carried out at 900*C in an H2 atmosphere for times ranging from 4 to 18 hours.
An attempt was made to preoxidize specimens for defect healing experi­ments under conditions which duplicated the procedure and results of a prior investigator(S). Unfortunately, the scales formed under such conditions were either too thin for defect healing experiments or were non-adherent. There­fore a task was added to study general oxidation of the alloys of interest



Table 1 Experimental Alloy Compositions

AlloyDesignation w/o Cr w/o Mo w/o Ni w/o A1 Other elements

2 1/4 Cr-^Mo steel 2.3 0.6 0.1 C, 0.5 Mn, 0.2 Si

5 Cr-^Mo steel 4.4 0.5 0.2 — 0.1 C, 0.5 Mn, 0.3 Si, 0.1 Cu

7 Cr-^Mo steel 6.9 0.6 0.3 — 0.1 C, 0.4 Mn, 0.6 Si

9 Cr-1 Mo steel 8.3 1.0 0.1 — 0.1 C, 0.5 Mn, 0.6 Si, 0.1 Cu

304 Stainless 18 — 8 — 0.1 C, 2.0 Mn, 1.0 Si

Fe-25 Cr 25.0 — <0.01 <0.01 0.001 C, <0.01 Mn, <0.01 Si

Fe-25 Cr-6 A1 24.6 — <0.01 5.9 0.004 C, <0.01 Mn, <0.01 Si

Fe-25 Cr-20 Ni 24.8 — 19.9 0.01 0.004 C, <0.01 Mn, <0.01 Si
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under conditions which produced the type of oxide scale desired. These exper­iments were carried out in a Lindberg controlled-atmosphere tube furnace in C0-C0o gas mixtures and in air in the temperature range from 900 to 1150°C. This temperature range is above the application limits for the Fe-Cr-Mo alloys, so the results are useful mainly for characterizing the phenomena of interest here.
From the general oxidation data, it was decided to use the following conditions to preoxidize specimens for defect healing experiments: for the Cr-Mo steels, specimens were reacted for 16 hours at 1150°C with CO/CO2 = 1.76 in the gas atmosphere; for some of the Fe-25 Cr-6A1 experiments, specimens were reacted for 48 hours at 1150°C in air.
Three types of defect healing experiments were conducted. In one type, preoxidized specimens containing scribed defects were reheated in evacuated and sealed Vycor capsules. In a second type, similar specimens were reexposed to the same gas atmosphere as that used for preoxidation. In both of these types of healing experiments, defects were normally cut through the scales with a wire saw. The wire used was 0.25 mm dia. and contained diamond dust incorporated into a steel matrix. On occasions when the scale was less than 10 micrometers in thickness, a diamond scriber was used instead of the wire saw. In the third type, platinum bands were diffusion-bonded into grooves in the alloy to simulate bare metal at the base of a flaw. The lateral growth of oxide over the platinum bands was then studied by heating the specimens in an oxidizing atmosphere. The procedures used for defect healing will be dis­cussed further in the Results and Discussion section.
For the general oxidation experiments, the conversion of metal to oxide or metal wastage was measured by mechanical and chemical removal of the scale. For the latter, Clarke's solution was used for the Cr-Mo steels, and hot nitric acid for the higher chromium alloys. The weight loss of the specimen after removal of the scale was the basis for the metal wastage determination.
The oxides formed during both general oxidation and defect healing treat­ments were characterized using x-ray diffraction, optical microscopy, scanning electron microscopy (SEM), energy dispersive x-ray measurements (EDX), and Auger electron spectroscopy (AES).

RESULTS AND DISCUSSION
Characterization of Cr-plated specimens: Photomicrographs of cross-sections of Cr-plated specimens as-received and after diffusion bonding for 18 hr at 900°C are shown in Figure 1. The original coating was quite uniform and approximately 25 micrometers thick. After diffusion bonding, there was no resolvable difference in structure between the surface and near-surface regions. The Cr concentration at the surface, however, was easily measured by energy dispersive x-ray analysis (EDX). Data relating the surface concentra­tion of Cr to diffusion bonding time are shown in Figure 2. After a bonding time of 18 hr, the Cr concentration is nearly twice the bulk composition of 8.3%; and after 4 hr, the concentration is close to that of type 304 stainless 
steel.
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Figure 1. (a) Cross section of as-received, Cr-plated 9Cr-lMo Steel
specimen (unetched) (b) Same specimen after diffusion bonding 
in H2 at 900°C for 18 hours (etched with Nital).
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Figure 2, Chromium surface concentration as a 
function of diffusion bonding time 
at 900°C in H2 for Cr-plated, 9Cr- 
IMo alloy.
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An analysis was carried out to compare the results shown in Figure 2 with the results of an approximate diffusion calculation. For the diffusion of solute originally in a thin film on the surface into the bulk of a thick specimen, an equation given by Crank (13) can be modified slightly for the conditions of the experiment to give

C r hd / x >Co = - - -  exp (-—)y^Dt 4Dt
where C is the concentration of Cr at any time and location (g/cm3) Co is the initial Cr concentration in the alloy (0.647 g/cm3) 

h is the plating thickness (cm) d is the density of the alloy (7.8 g/cm3)
D is the diffusion coefficient (cnr/s) t is the time in seconds and x is the distance from the surface (cm)

Since only surface concentrations were measured by EDX, x=0 and
h2d2

7Tt(C - CO)^

This equation gives only an approximate value because there is an ambiguity in defining x with a plating thickness as large as 25 micrometers.
Substituting values for a reaction time of 18 hr yields a value of 6 x 10'y cnr/s for the diffusion coefficient of Cr. Reference book data (14) yield a value of 1.3 x 10'y cnr/s for diffusion of Cr in an Fe-11.8% Cr alloy 

at the same temperature. The agreement is considered reasonably good if one considers that the 9 Cr alloy also contains Mo, C, Mn, Si, and Cu at percent­ages in the range from 0.1 to 1.0.
General oxidation behavior: The first set of experiments on general oxidation consisted of examining the time dependence of the extent of oxidation of the 9 Cr-1 Mo alloy. The results, shown in Figure 3, demonstrate that oxidation follows a linear rate law between 10 and 37 hours of reaction time at 1150°C. As will be discussed later, the scale consisted of a relatively thick layer of loosely adherent FeO over a thin layer of an Fe-Cr spinel. Since the scale did not serve as an effective diffusion barrier to oxidation, linear rather than parabolic oxidation kinetics is not surprising. There is also a possi­bility that slow dissociation of CO2 on the surface of the specimen was a factor in making the oxidation rate linear with time (15). Note that the extent of oxidation for the Cr-plated specimen was less than for an unplated specimen at the same reaction time. This effect would probably be more drama­tic at lower temperatures because, at 1150°C, Cr diffuses rather rapidly from the near-surface region, thus reducing the beneficial effect on oxidation resistance.

General oxidation results are presented in Figure 4 for unalloyed iron and the series of Fe-Cr-Mo alloys. The metal wastage rate is plotted vs %Cr in the alloys for various temperatures, a gas composition of CO/CO2 = 0.59, and a reaction time of 48 hours. As one would expect, the metal wastage rate
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Figure 3. Metal wastage expressed as weight loss 
oxidation time at 1150°C with CO/CO2=0 
■ -unplated and Q-plated 9Cr-lMo alloy
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Figure 4. Metal wastage versus %Cr in Cr-Mo steels 
oxidized for 48 hr at 1150°C with CO/COo= 
0.59.
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increases with temperature and decreases with %Cr in the alloy. In this gas mixture, the beneficial effect of Cr increases with temperature, an effect which is believed to be due to the formation of a more protective inner layer of Cr-rich spinel at the higher temperatures. In all of the specimens except unalloyed iron, the outer layer of FeO had a tendency to spall.
Figure 5 shows a drawing of the microstructure of a 7 Cr-^Mo specimen after reacting for 32 hr at 1150oC with CO/CO2 = 1.76. This microstructure is similar to the microstructures of the specimens whose oxidation rates are plotted in Figure 4 for a temperature of USO'C. X-ray diffraction measure­ments clearly showed that the outer layer had the structure of FeO and that the inner layer had the structure of (Fe, Cr^O^ In neither case was it possible to determine the relative amounts of Fe and Cr in the compounds. The particles in the internal oxidation zone were not identified, but are believed to be either spinel, or more likely, C^Oj.
It was on the basis of this series of general oxidation experiments that it was decided to carry out defect healing experiments on specimens preoxi­dized for 16 hrs at 1150*C with CO/CO2 = 1.76. These conditions produced a continuous, adherent spinel layer of an adequate thickness (approximately 25 micrometers).

Defect healing in sealed capsules: The details of the procedure used for these experiments was to preoxidize specimens at 1150°C for a sufficient time to obtain a spinel layer at least several micrometers in thickness. The FeO outer layer which had not spalled off was easily removed mechanically. Flaws were made on the surface, as depicted in Figure 6(a). The specimens were then sealed in evacuated Vycor glass capsules. With this procedure, the specimens could be reheated with virtually no oxygen present, except for that in oxide layers adjacent to the flaws. As shown in Figure 6(b), during reheating or healing, lateral mass transport of oxide into the flaws occurred. The thick­ness, composition, and structure of the oxide formed at the bases of the flaws were the parameters studied.
The experimental conditions and oxide compositions for several of these experiments are listed in Table 2. In the first two entries, data are given for the 7 and 9% Cr alloys. The important result for these specimens is that the Cr content of the oxide in the healed flaw was only about half that in the oxide adjacent to the flaw. It is believed that this effect is due to slower lateral diffusion of Cr into the flaw. Hodge (16) measured diffusion coeffi­cients of Cr and Fe in spinel using radioactive tracers. The diffusion coef­ficients varied with oxygen partial pressure, but Drr was always l(r times slower than Drp at 1200*C. Since the ionic radii of Cr and Fe are nearly equal, the difference in diffusivities cannot be explained by a size effect. The explanation given by Hodge was that Cr exists as Cr , while Fe is present predominately as Fe . The difference leads to coulombic interactions which result in a lower jump frequency for Cr .
It is useful to compare Dpe in the spinel with Dpe in FeO. From the data of Himmel et. al (17) for FeO, the comparison shows tnat Fe diffuses 150 or more times faster in FeO than in the spinel at 1200*C. Thus, the formation of an adherent spinel layer can be expected to result in relatively slow rates of both general oxidation and flaw healing by lateral diffusion.
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Figure 6. (a) Cylindrical flaw made with wire
saw in preoxidized Cr-Mo steel specimens, 
(b) Spreading of oxide into flaw during 
thermal anneal in static vacuum.
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Table 2 Oxide Composition in Flaws Healed in Static Vacuum

AlloyDesignation
Preox dation Conditions Healing Conditions Oxide Com Dosition *Tempco Time(hr) Atmosphere Tempco Time(hr) OutsideFlaw InsideFlaw

7Cr-^Mo steel 1150 16 C0/C02=1.76 900 160 39Cr,59Fe 0.3Mo,1A1 ISi
20Cr,75FeIMo.lAl,3Si

9Cr-lMo steel 1150 16 C0/C02=1.76 900 160 50Cr,49FeISi 27Cr,47Fe 19Si,7A1

9Cr-lMo steel (Cr-plated) 1150 16 C0/C02=1.76 900 160 16Cr,83Fe 0.3Mo,ISi 21Cr,78Fe 0.7Mo,ISi

Fe-25Cr-6Al 1150 16 C0/C02-1.76 900 160 lOCr,19Fe 69A1 24Cr,31Fe 32A1

Fe-25Cr-6Al 1150 48 Air 900 116 12Cr,6Fe,83A1 27Cr,31Fe42A1

* Basis: Weight percent metal, normalized to total metal content
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Scanning electron micrographs of the 7Cr - ^Mo specimen are shown in Figure 7. The structure of the oxide at the base of the flaw shown in Figure 7(b) is finer than for the oxide outside the flaw shown in Figure 7(a). Within the flaw, individual grains of oxide were not resolvable, but some of the surface roughness from the wire saw was still evident in the oxide.
The same 7Cr-^Mo specimen was characterized by Auger electron spectro­scopy (AES). The results of depth profile measurements in the flaw area are shown in Figure 8. The Cr concentration appears to be between 5 and 10 atomic percent and changes only slightly with distance from the surface. Flowever, analysis for Cr in steels by AES is not very accurate because of overlapping Cr and 0 spectra. In examining the Fe and 0 concentrations for sputtering times up to 47 minutes, it appears that the oxide is non-stoichiometric, with the Fe-0 ratio increasing with depth. From the sputter rate, the oxide layer in the flaw is approximately 2000A (0.2 microns) thick. For longer sputtering times, it is likely that the beam is penetrating into the metal phase and is touching some oxide particles formed by internal oxidation. The AES results are generally consistent with the EDX results listed in Table 2 because both show a depletion of Cr in the oxide formed in the flaw.
The third entry in Table 2 gives results for a Cr-plated 9Cr-lMo speci­men. Scanning electron micrographs for the same specimen are presented in Figure 9. The EDX data show that the Cr content of the oxide inside the flaw was higher than in the adjacent scale (20.5 vs 15.8%). In all of the other examples discussed, the reverse was true; there was a depletion rather than an enrichment of Cr inside the flaw. The enrichment found for the Cr-plated specimen is believed to be due to one or more of the following effects:
(a) FeO formed during preoxidation did not spall off and contributed to the low Cr concentration adjacent to the flaw. Oxide formed within the flaw was predominately or entirely spinel.
(b) The flaw was cut into alloy material with a relatively high Cr concentration. During the healing treatment, Cr below the base of the flaw could have diffused to the surface and scavenged oxygen from the FeO phase adjacent to the flaw, thereby enriching the healed oxide in Cr.
(c) The flaw was cut into material which contained particles of C^Oo or spinel formed by internal oxidation. These oxide particles would influence both the amount and composition of oxide layer shown in Figure 9(b).
This enrichment of the healed oxide in Cr is potentially important. The reason is that it could be more protective against further oxidation to the underlying alloy. More effort would be needed to obtain a clear understanding of the mechanism of enrichment and its practical implications.
The last two entries in Table 2 give results for Fe-25Cr-6Al specimens preoxidized and healed under different conditions. In both cases, there was a significant depletion of aluminum oxide in the flaw area. This result paral­lels the results for unplated Cr-Mo steels, in that slow lateral diffusion of one of the species, Al ions in this case, was probably responsible for the depletion effect. Because of the Al depletion, there is a corresponding
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Figure 7. Scanning electron micrographs of 7Cr-^Mo alloy after 
thermal healing of oxide at 900°C in static vacuum: 
(a) outside the flaw (b) inside the flaw.
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(b)

Figure 9. Scanning electron micrographs of Cr-plated, 9Cr-lMo alloy 
after thermal healing of oxide at 900oC in static vacuum: 
(a) outside the flaw (b) inside the flaw.



enrichment of chromium oxide inside the flaws, which could give a protective character to the oxide layer formed during healing.
Healing in oxidizing atmosphere: In this series of experiments, the specimens were preoxided and flaws made in the same manner as described above. Healing treatments, however, were carried out in the same gas atmosphere as used for preoxidation. Experiments of this type simulate more closely service condi­tions for the material, but there is a drawback in that it is more difficult to distinguish between lateral mass transport of oxide into the flaw and new oxide formed by reaction with gaseous species. Changes in the dimensions of the flaws were used as the principal criterion for separating the two effects.

Figure 10 shows the cross-section of a flaw in a 9Cr-lMo alloy specimen after healing for 24 hr at 900°C. A gas mixture with CO/COp = 1.76 was used for both preoxidation and healing. The characteristics of the flaw after healing show no clear evidence that lateral mass transport was significant. There was no appreciable shallowing, and the zone of internal oxidation progressed deeper into the specimen, as one would expect if direct oxidation occurred at the base of the flaw.
Figure 11 shows the cross-section of another 9Cr-lMo alloy specimen healed for 3 hr at 1150’C in the same atmosphere. Although not dramatic, there was some evidence for lateral mass transport at the higher temperature. This conclusion is based on the development of thicker layers of both oxides at the top edge combared to the base of the flaw.
Additional experiments of this type were carried out on the Fe-25Cr-6Al alloy. The top view of one of the specimens is shown in Figure 12. The specimen was preoxidized for 48 hr in air at USO’C, and the defect healing treatment was the same. Parts (a) and (b) show the same flaw before and after the healing treatment. There was no measurable shallowing or narrowing of the flaw during healing. EDX measurements gave approximately 80% Al both inside and adjacent to the flaw. Thus the normal protective oxide scale reformed in the flaw by direct oxidation during the healing treatment.
It was possible to show a marked difference between healing of the oxidation-resistant alloys discussed above with unalloyed iron. Figure 13 shows a pair of scanning electron micrographs of a specimen preoxidized for 16 hr at 1150#C with CO/CO2 = 1.76, then healed for 4^ hr under the same conditions. In part (a), a flaw is shown before healing. In part (b), the same flaw virtually disappeared during the healing treatment. The FeO grains are smaller where the two sides of the flaw grew together, but there was no indentation of the surface. Without doubt, lateral mass transport was the dominant effect because of high diffusion rates in FeO.

Healing with noble metal simulated defects. The final set of experiments consisted of observing the extent to which an oxide scale will grow laterally over a platinum band embedded in the surface of a specimen. Specimens for these experiments were prepared by cutting grooves in the unoxidized surface with a wire saw. Then platinum wires were pressed into the grooves and diffu­sion bonded to the specimen by heat-treating in an H2 atmosphere at 1150°C. Finally the surface was polished to remove excess platinum.
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Figure 10. Scanning electron micrograph of 
flaw in 9Cr-lMo alloy after 
healing for 24 hours at 900°C 
in gas mixture with C0/C02=l•76.
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Figure 11. Photomicrograph of edge of flaw in 
9Cr-lMo alloy after healing for 3 
hours at 1150°C in gas mixture with 
C0/C02=1•76.
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(a) (b)

Thermal healing of oxide on Fe-25Cr-6Al alloy: (a) Appearance of 
flaw made after preoxidation for 48 hr at 1150°C in air.
(b) appearance of same flaw after healing under same conditions.



(a) (b)

Figure 13. Thermal healing of oxide on unalloyed iron specimen: (a) appearance 
of flaw made after preoxidation for 16 hr at 1150°C with C0/C0=1.76 
(b) appearance of same flaw after healing for 4^ hr at 1150°C in 
same atmosphere.



The specimens were oxidized under various conditions to study the tenden­cy of oxide formed on the alloy surface to extend over the Pt simulated defect Since Pt and other metals have a higher surface free energy than oxide scales, there is a thermodynamic driving force for the oxide to cover the exposed metal, as was the case for flaws cut through the scales to expose bare metal at the base of the flaws in the experiments described earlier.
The results of one of these experiments is shown in Figure 14. The 9Cr- IMo alloy was oxidized for 6 hr at USO'C in a gas mixture with CO/CO2 = 1.76. Immediately after removal from the furnace, it was observed that a loosely adherent scale, presumed to be FeO, completely covered the Pt band. Figure 14 shows the appearance after removal of the loose scale. At first, it was thought that a spinel layer had begun to grow over the Pt band also because the Pt band was narrower than before oxidation. However, Auger and EDX measurements on the portion of the sample adjacent to the exposed Pt proved that a Pt-Fe alloy or intermetal 1ic layer had formed by diffusion.
Additional experiments of this type were carried out on the 9Cr-lMo alloy at 900*C, and on the Fe-25Cr-6Al alloy at 1150 and 900#C. In none of these experiments was there a significant amount of oxide growth over the platinum. These results contrast with results published on unalloyed iron(12), where FeO layers grew over gold bands rather rapidly at 720*C.

General discussion. When the results for all three types of experiments are considered, a consistent picture emerges. If FeO (probably containing Cr) forms in the scale, lateral mass transport of the FeO into simulated defects occurs at an appreciable rate. This behavior is explainable in terms of the high diffusion coefficient of Fe2+ in FeO. If spinel of the type (Fe.Cr)^ 
or Al-rich oxide forms in the scale, lateral mass transport of these species is much slower because of the lower diffusion coefficients. The manner in which flaw healing occurs by lateral mass transport in the alloys studied is unfortunate because FeO would not provide much protection against further oxidation while the spinel and Al-rich oxides would.

The experiments conducted on the 9Cr-lMo alloy surface-modified by Cr plating gave encouraging results which should be pursued. The results were encouraging in that a Cr enrichment was obtained in healed flaws compared to the scale adjacent to the flaws. Otherwise, if improvements are to be made in flaw healing behavior, consideration should be given to studying new alloy compositions which strike a balance between flaw healing characteristics and general oxidation rates.

CONCLUSIONS
(1) In CO-CO2 gas mixtures, the beneficial effect of Cr in Cr-Mo steels is much greater at 1150#C than at 900*C.
(2) Enriching the surface of 9Cr-lMo steel with electroplated Cr has a beneficial effect on both the general oxidation rate and flaw heal­ing behavior.
(3) In flaw healing experiments, lateral mass transport of FeO in scales was much greater than for Fe-Cr spinel and Al-rich oxide phases.
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Figure 14. Scanning electron micrograph showing 
surface of a 9Cr-lMo alloy specimen 
containing a Pt band after oxidation 
at 1150°C for 6 hr with C0/C02=l-76 
and removal of non-adherent oxide.
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(4) Examining new alloy compositions could result in a better compromise between general oxidation resistance and flaw healing characteris­tics.
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