
NASA TECHNICAL NOTE 

.-
<:::) 
Lr\ 

I 

C 

:z 
I--

EXAMINATION OF OXIDE SCALES 
ON HEAT RESISTING ALLOYS 

by Salvatore J. Grisaffe and Carl E. Lowell 

Lewis Research Center 

Cleveland, Ohio 

NASA TN 0-5019 

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION • WASHINGTON, D. C. • FEBRUARY 1969 



NASA TN D-5019 

EXAMINATION OF OXIDE SCALES ON HEAT RESISTING ALLOYS 

By Salvatore J. Grisaffe and Carl E. Lowell 

Lewis Research Center 
Cleveland, Ohio 

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

For sale by the Clearinghouse for Federal Scientific and Technical Information 
Springfield , Virginia 22151 - CFSTI price $3 .00 



ABSTRACT 

Twelve iron, nickel , and cobalt heat resisting alloys were cyclic furnace oxidation 

tested at from 14000 to 22000 F (1033 to 1478 K) for from 4 to 600 hours. Retained oxide 

scales and spall were identified using X-ray diffraction combined with X-ray fluores­

cence analysis . Metallography clarified scale growth sequences. After 600 hours at 

20000 F (1366 K) , the condition most studied, the best oxidation resistance, as reflected 

by weight change and spall weight, was exhibited by alloys forming single oxide scales of 

Al20 3 or Cr 20 3. For alloys that developed multioxide scales, spinel constituent com­

position or lattice parameter did not correlate with oxidation resistance. 
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EXAMINATION OF OXIDE SCALES ON HEAT RESISTING ALLOYS 

by Salvatore J. Grisaffe and Carl E. Lowell 

Lewis Research Center 

SUMMARY 

------- - --_._ .. _---

Twelve commercial heat resisting alloys - iron, nickel, and cobalt based - were 

cyclic furnace oxidation tested in air for NASA Lewis Research Center by a commercial 

laboratory_ Exposure temperatures ranged from 14000 to 22000 F (1033 to 1478 K), 

while time ranged from 4 to 600 hours. Samples of both the oxidized sheet specimens 

and oxide spall were subsequently sent to Lewis for analysis. Data from X-ray diffrac­

tion and X-ray fluorescence studies were combined to identify the oxide constituents. 

Spinels were identified from lattice parameter and element intensity information assum­

ing Vegard's law to hold for spinel solid solutions. Bright field and polarized light 

metallographic studies of specimen surfaces and cross sections further clarifiE:d the se­

quence of scale growth and the location of scale constituents . 
o - --

Specimens exposed at 2000 F (1366 K) were most thoroughly studied. Mter 

600 hours at this temperature, the alloys exhibiting the best oxidation resistance (Fe­

Cr-AI types or TD-NiCr) had formed only a single oxide scale - either Al20 3 or Cr20 3. 

The other alloys generally formed multi oxide scales containing Cr 203 and a variety of 

spinels or other oxide crystal structures. There was no apparent correlation between 

either the spinel composition or spinel lattice parameter and the oxidation resistance of 

those alloys. 

INTRODUCTION 

Oxidation resistance at high temperatures is an important criterion in the evaluation 

of materials for airbreathing engines. However, the comparison of literature oxidation 

data, obtained by different researchers, is difficult since there are wide differences in 

testing and evaluation techniques. To provide more realistic comparisons, sheet speci­

mens of 12 commercial heat resisting alloys were Simultaneously tested in cyclic fur­

nace oxidation for NASA Lewis Research Center (ref. 1) by an industrial laboratory. 

Such furnace tests were used as a preliminary screening procedure for selected peat re­

Sisting sheet materials. Subsequently, the most promiSing alloys were further oxidation 



tested in wire form by the same investigators. Such tests, supplemented with mechani­

cal property evaluation, were used to determine the potential of the various materials 

for wire wrapped and sintered porous structures. Structures of this type hold promise 

as transpirational cooled turbine blades . 

The 12 alloys originally tested in sheet form included representatives from iron, 

nickel, and cobalt based chemistries . Tests ranged from 4 to 600 hours at temperatures 

of from 14000 to 22000 F (1033 to 1478 K) . Weight gain, spall weight, scale thickness , 

and depth of oxide penetration were among the data obtained. These data are necessary 

for a comparison of alloys. However, it is desirable to supplement such data with infor­

mation regarding the oxide microstructure, composition, and morphology . To this end, 

samples from the oxidation specimens were examined at this Center. The results of that 

examination are reported here. 

The objective of these studies on oxide scales was to provide more basic information 

about the scales formed on the alloy sheet and to try to correlate this information with 

alloy oxidation behavior. The primary investigative methods used were metallography, 

X-ray diffraction (XRD), and X-ray fluorescence (XRF) analysis . 

Although cursory examinations were given to all of the time-temperature combina­

tions , emphasis was placed on the 600-hour tests at 20000 F (1366 K). This temperature 

was considered to be an upper limit to useful alloy strength as well as the level above 

which serious oxidation could be anticipated for most alloys. 

MATERIALS AND MATERIAL HISTCRY 

The 12 alloys examined can be divided into three main groups as shown in the fol­

lowing table: 

Iron base Nickel base Cobalt base 

N-155 Nickel and ni ckel- chromium type L-605 
GE 1541 

TD-Ni 
HS-875 

TD-NiCr 

Chromel A 

DH242 

Bendel 

Complex nickel-base alloys 

Hastelloy X 

Udimet 500 

RA 333 
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Table I (ref. 1) lists each alloy along with its chemical artalysis by both the alloy 

vendor and by an independent laboratory. In some instahces, notable differences exist 

between the two analyses. For example, differences can be noted in the carbon content 

in TD-Ni, TD-NiCr, and Hastelloy X; the silicon content in Chromel A and GE 1541; the 

manganese content in Chromel A and DH242; the sulfur content in TD-Ni and L-605; and 

the iron content in Udimet 500. These differences may reflect variations in alloy homo­

geneity as well as differences in analytical techniques. 
Prior to the oxidation test, the contractor gave each material two separate hydrogen 

[dew point, _600 F (223 K)] anneals for 4 hours each at 2100 0 F (1422 K). These anneals 

simulate the sintering treatment used to fabricate transpirational cooled blades . 

Sheet specimens, 6 by 1/2 by 0.050 inches (15.2 by 1. 27 by O. 127 cm) were abraded 
through #360 aluminum oxide grit by the contractor to produce final surface roughnesses 

ranging from 10 to 12 microns root mean square. These large specimens were then in­

dividually inserted into 7 -inch- (17. 8-cm -) long zircon "test tubes" having an internal 

diameter of 3/4 inch (1. 91 cm). (Specimens contacted the tubes at only four points. ) 

The test tubes were drilled with four 1/8-inch- (0. 31-cm-) diameter holes, evenly 

spaced at 900 angles, located 1 inch (2.54 cm) from both the top and bottom. These 

holes allowed free circulation of air. Furthermore, each tube was covered with a zircon 

cap to retain spall and prevent furnace lining material from contaminating the collected 

spall. 

Ten specimens of each alloy were cyclic oxidation tested. The cycle times were 

4 hours for the first exposure followed by 12, 48, and 36 hours to give total exposure 

times of 4, 16, 64, and 100 hours. Thereafter, 100-hour cycles were used to a total of 

600 hours. Exposure temperatures were 14000
, 16000

, 18000
, and 2000 0 F (1033, 

1144, 1254, and 1366 K), with limited tests at 21000 and 22000 F (1422 and 1478 K) . 

After each exposure cycle, specimens were removed from the furnace and air cooled. 

All specimens were weighed and then returned to their crucibles. After each exposure, 

however, at least one specimen of each alloy was removed from further testing. The 

contractor then cut small pieces, approximately 1 by 1/2 inch (2.54 by 1. 27 cm) from the 

ends of the large 6- by 1/2-inch (15. 2- by 1. 27 - cm) specimens. Each of these small 

pieces was sealed in a plastic envelope . Any spall from that exposure was emptied from 

the crucible and was also sealed in a similar envelope. These envelopes were sent to 

Lewis for scale analysis. 
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EXPERIMENTAL PROCEDURE 

SAMPLE SELECTION 

Selected scales and spalled oxides formed at all of the temperatures and times were 

studied to establish growth and compositional trends. The main emphasis , however , 

was given to the long-time 20000 F (1366 K) specimens with the others providing infor­

mation on the trends. Since no samples of the unexposed metals were available, 4-hour 

14000 F (1033 K) samples were used as representative of the original material. At that 

level of exposure, only slight surface tarnishes had formed. 

X-RAY FLUORESCENCE AND DIFFRACTION 

XRF scans were obtained from the oxide scales in situ. The X-ray tube used to 

generate white radiation to obtain the excitation of each element's characteristic radia­

tion, had a gold target. A lithium fluoride (LiF) crystal and a proportional counter were 

used for separation and detection of the emitted X-rays. For each scale analysis, a 

continuous chart record was made of the emitted spectrum to determine qualitatively 

which elements were present. Then, the intensity of each element's characteristic K 

alpha radiation was recorded by returning to the exact wavelengths and measuring the 

counts for a constant time of 30 seconds . For heavy elements such as tungsten (W), 

with short K alpha wavelengths, the intensity of the L alpha radiation was measured. 

Elements whose atomic numbers are 22 (i. e., Ti) and above can be detected and meas­

ured with this technique. Those with atomic numbers below 22 require a helium or vac­

uum path fluorescence unit and thus were not measured in this investigation. In XRF 

analysis, the position of the K absorbtion edge of one element in relation to the K alpha 

or L alpha of a second element can decrease the measured radiation intensity fluoresced 

from the second element. Since all of these absorption edges contribute to the way in 

which radiation is absorbed by the oxide scale, these intensity measurements must be 

viewed as only semiquantitative and thus and ratios of these intensities can also be 

viewed as only semiquantitative. 
A second factor also influences the semiquantitative nature of such XRF data. By 

examining the oxide scales in situ, some contribution of radiation fluoresced by the sub­

strate can occur . Unfortunately, scraping the oxide from the substrate, while elimi­

nating this objection, can also affect results. The effect is caused by the inability to re­

move all of the scale so that the more adherent portions may well have :;t different com­

position from that of the easily removed material. 
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Primarily, then, the in situ approach was used with the drawbacks kept in mind. 

Trends in elemental concentration in the scale were easily observed. With thicker scales 

as with the spalls, the substrate contribution was negligible . As a check, however, 

some scales were analyzed both in situ and as scraped. 

XRD analyses were made using 114. 6-millimeter-diameter Debye powder cameras 

of the Straumanis film loading type. Cobalt K alpha radiation was generally used for the 

iron and cobalt alloys. Copper K alpha radiation was used for the, nickel-base alloys . 

Samples for diffraction were prepared by removing the oxides from the substrates with 

the aid of a vibrating diamond engraving tool. Removal was dictated by the generally 

weak patterns obtained from the in situ oxides on the film. Besides the camera work, 

diffractometer scans were also run in some cases on the in situ oxide scales. In gen­

eral, these failed to detect the minor oxide phases present. 

In order to even approach the exact identification of oxide scales, both the XRF and 

XRD data are required. The XRD data provide only crystallographic information such 

as crystal structure and lattice constants. The XRF data supplement this with informa­

tion as to which elements are present. Thus, many possible oxides can be ruled out but 

others still remain. Then the question of solutions of oxides must also be considered. 

In the case of simple oxides, for example, on an alloy containing both cobalt and nickel, 

the determination of only one oxide with a sodium chloride (NaCI) structure and with a 

lattice constant close to that of cobalt oxide (CoO) but with significant nickel found in the 

XRF scans will be interpreted to mean cobalt monoxide with nickel in solid solution. 

Iron or manganese could also substitute in such an oxide. Another example is the iden­

tification of chromic oxide (Cr20 3). This oxide is isomorphous with ferric oxide (Fe20 3) 

and aluminum oxide (AI20 3) and these oxides are mutually soluble. If the lattice con­

stants are close to that of Cr20 3 and if only minor traces of iron or aluminum are found 

in the scale , then the oxide will be identified as Cr20 3. The fact that this is a simpli­

fication of the actual situation must be remembered by the reader. 

The situation with spinels is even more complex. Spinel is a generiC term for more 

complex cubic oxides of the composition RR20 4 , The R may be, among others, cobalt 

(Co), nickel (Ni) , manganese (Mn) , iron (Fe), magnesium (Mg) , titanium (Ti), lithium 

(Li) , and copper (Cu). R' may be, among others, Mn, Fe, chromium (Cr), Co, and 

aluminum (AI). Spinels may exist where the valence ratio of R:R' is 2: 3, 4: 2, and 6: 1. 

Many spinels are mutually soluble in wide proportions and thus more than one R or R' 

element may be found at any appropriate crystal lattice site, for example, (Ni, Fe)(Mn, 

Cr) 2°4' (For further background information on spinels see refs, 2 and 3,) This situ­

ation makes XRD analysis difficult - particularly in the presence of other oxide phases. 

The problem is related to the Similarity in both the spacings and relative intensities of 

the diffraction lines. There is not sufficient difference in many cases to uniquely iden-
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tify the specific spinel present. For this reason, reliance must again be placed on a 

combination of lattice parameter and XRF data. Figure 1, containing lattice parameter 

data from reference 4, shows the effect of binary solid solutioning on the lattice param­

eters of various spinel phases assuming complete solid solubility and an adherence to 

Vegard's Law. To minimize the complexity of the diagram, only the spinels containing 

transition metals are shown. Since combinations of more than two spin~ls are possible 

and, in fact, common, difficulties in analysis are easy to perceive. Figure 1 was used 

as an aid in the interpreting of the XRD and XRF data obtained on spinels in this study. 
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An example of the determination of a spinel composition using the lattice parameter 

ao data from diffraction, the fluorescence information, and figure 1 may be helpful to 

the reader. The spall from Udimet 500 after 600 hours at 20000 F (1366 K) had a spinel 

pattern with an ao of 8. 31±0. 02 A (or XlO- 10 m) as the major phase (see table XII(a)) . 

The fluorescence data indicated high chromium, cobalt, and nickel (see table XII(b)). 

Referring to figure 1, it can be seen that spinels with such a lattice constant and compo­

sition fit either NiCr 20 4 or CoCr20 4. Thus, this phase would be identified as a solid 

solution of the two compounds - (Ni, Co)Cr20 4. In the case of a minor phase spinel, 

such predictions , of course, become more speculative. 

METALLOGRAPHIC ANALYSIS 

Scales on the 1/2- by 1-inch (1. 27- by 2. 54-cm) surfaces of selected oxidized ma­

terials were examined and photographed in situ at an angle of 900 to the surface. Mag­

nifications employed ranged from 5 to 50 times. This procedure allowed observation of 

the gross structural characteristics of the scales. By examining these specimens under 

both bright field and polarized light on sequences involving more time at a fixed tempera­

ture or at the same time at different temperatures , scale growth patterns could be de­

duced. 
Standard metallographic analyses of mounted and polished specimen cross sections 

was also conducted under both bright field and polarized light illumination . Magnifica­

tions employed included 250 and 500 times . Both the oxide scale and the metal scale in­

terface were examined in the as polished condition . Subsequently, samples were etched 

to study substrate microstructural changes . 

RESULTS 

The weight gain and spall weight data for 600-hour 20000 F (1366 K) furnace air ex­

posures , obtained in reference 1, are presented for completeness in table II. The met­

allographic analyses of specimen surfaces and cross sections are given in figures 2 to 7. 

The XRD and XRF data are combined for each alloy in tables III to XIV. The XRF data 

in these tables are presented both as actual element intensities and as the ratios of indi­

vidual element intensity to those of the major alloy constituent. 
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IRON- BASE ALLOYS 

N-155 

N-155 is one of the very early high-temperature alloys and is the least oxidation re­

sistant of all of the 12 alloys tested in reference 1. After 600 hours at 20000 F (1366 K), 

this alloy gained 45 milligrams per square centimeter - about 45 times that of the other 

two iron alloys. N-155 showed a total oxide spall weight of 250 milligrams per square 

centimeter. Both weight gain and spall weight are presented in table II. (Note that 

weight gain involves only the weight of oxygen picked up by the sample whereas spall 

weight involves the loss of both metal and oxygen in the form of spalled oxide. Thus, 

spall weight can be significantly greater than total weight gain.) The retained oxide 

thickness after the aforementioned exposure was 1. 0 mil (0.001 in. or 25 J.Lm (micro­

meters)). 

The microstructure of a cross-sectioned specimen, showing both scale and substrate 

is presented in figure 2(a). After the 600-hour 20000 F (1366 K) exposure, this alloy re­

tained about 1 mil (25 J.Lm) of scale, but in many areas oxide penetration extended 4 mils 

below the surface. The retained scale had large green crystals, as seen under polarized 

light, indicating Cr 20 3 . These were interspersed with black regions which are indica­

tive of a spinel. At the scale surface, a few red-brown spots were also seen under po­

larized light. These could represent another spinel. Beneath the scale, the substrate 

alloy was nonuniformly depleted in both substitutional elements as evidenced by the non­

uniform, stepwise etching and in the fine carbide precipitate normally present. The 

blocky carbide phase perSisted in the depleted zone and a few of the large particles were 

even observed in the oxide scale . The depletion zone extended about 2 mils (50 J.Lm) be­

low the surface. It contained a number of large voids, while many smaller voids were 

visible in the region directly beneath the depleted zone. 

The metallographic analyses were confirmed by the XRD and XRF results (see 

table III). Table III(a) shows that a spinel phase was found by XRD in both the adherent 

scale and in the spall. The lattice constant of this spinel was between 8. 32±0. 02 and 

8. 34±0. 02 'A. In addition, XRD confirmed the presence of Cr 20 3 in the scale and de­

tected some gamma Fe 20 3 in the spall. 

Table III(b) contains both the intensity data for the elements detected in counts per 

minute and these data normalized to the intensity of iron - the alloy base. XRF shows 

high chromium, nickel, cobalt, and iron in the scale and spall indicating, when com­

bined with the lattice parameter data and the information in figure 1, that the spinel is 

probably close in chemistry to (Ni, Co)(Cr, Fe)204. 

1.-
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GE 1541 

This Fe-15Cr-4A1-1Y alloy was one of the most oxidation resistant of all of the 

alloys studied. Table II shows that after 600 hours at 20000 F (1366 K), for example, 

the weight gain was only 1. 1 milligrams per square centimeter while only a minute 

amount of scale spalled - 0.4 milligram per square centimeter. Similar weight gains 

were found over the same period at the same temperature for the continuous oxidation 

tests reported in reference 5 (p. 152). 

Surface examination of this scale after a number of exposure times at several tem­

peratures showed that oxidation initially occurred along surface scratches left from test 

specimen preparation. The thin scale, approximately 0.2 mil (5 /lm) thick after 

600 hours at 20000 F (1366 K), was pink when observed under polarized light indicating 

Al20 3 contaminated only slightly with chromium or iron impurities. This scale also 

showed planar faults at about 600 to the surface indicating some fracture of the scale due 

to thermal or growth stresses. These faults may be related to the scratches in the un­

oxidized specimens. 

Figure 2(b), a photomicrograph of a scale-substrate cross section, shows the thin 

scale with preferential graill boundary oxidation occurring randomly in the substrate to 

a maximum depth of about 4 mils (100 /lm). The substrate itself exhibited a large grain 

size. It contained a Significant fraction of a globular phase reported to be YFeg (ref. 5, 

p. 147). This second phase appears to be preferentially depleted near the surface and 

oxidized grain boundaries . 

XRD confirmed that, at all temperatures, the scale was primarily alpha Al20 3 (see 

table IV(a». Progressive scraping on the 600-hour 18000 F (1254 K) specimen allowed 

the detection of some Cr 2°3. None was detected in the retained scale or was observed 

metallographically in the 600-hour 20000 F (1366 K) specimen, however. XRF analysis 

(table IV(b)) showed little or no concentration of yttrium (Y) in the Al20 3 scale. No 

meaningful spall composition data were obtained for this alloy. 

HS -875 

Compared with GE 1541, HS-875 contains 25 weight percent chromium instead of 

15 percent and no yttrium. The scales formed on this alloy were slightly thicker, in 

most cases, but the weight gain and spall weight were about the same, indicating less 

internal oxidation (which was confirmed on metallographic examination as shown in 

fig. 2(c». After the 600-hour 20000 F (1366 K) test, this alloy gained only O. 9 milligram 

per square centimeter and had a spall loss of 0. 5 milligram per .square centimeter as 

shown in table II. 
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The scale formed at 20000 F (1366 K) appeared white under polarized light indicating 

fewer impurities in solution in A120 3 than occurred in the case of the GE 1541 alloy. 

This scale also formed preferentially along surface scratches as can be seen from the 

two sequences of surface micrographs presented in figure 3. Figure 3(a) shows the for­

mation of dark islands and light areas along the surface scratches after 4 hours at 

18000 F (1254 K). After 600 hours at the same temperature (fig. 3(b)), the light oxide 

had substantially overgrown the dark patches. The 4-, 100-, ana. 600-hour sequences 

after a 22000 F (1478 K) exposure (figs. 3(c), (d), and (e)) also show this trend, but the 

dark areas are more rapidly overgrown by the white. The faults in the scale similar to 

that observed on GE 1541 can also be seen in the 100-hour (fig. 3(d)) and the 600-hour 

(fig. 3(e)) micrographs and may also be related to the surface scratches on the unoxi­

dized specimen surface. 

The metallographic examination of the oxide-substrate cross section after the 

600-hour 20000 F (1366 K) exposure (fig. 2(c)) showed a rather uniform white scale when 

viewed under polarized light. The scale was about 0.2 mil (5 /.lm) thick with no prefer­

ential grain boundary oxidation. Even after 600 hours at 22000 F (1478 K), this scale 

was only 1. 4 mils (35 /.lm) thick. The high temperature, however, developed a pink 

scale similar to that observed for the 20000 F (1366 K) scales on GE 1541. The substrate 

grain size after exposure was very large, and a small amount of unidentified second 

phase can be seen uniformly distributed throughout the substrate. 

XRD analysis (see table V(a)) on the 600-hour 20000 F (1366 K) specimen as well as 

on the 600-hour 18000 F (1478 K) specimen showed that the major scale phase was alpha 

A120 3 (corundum). No crystalline silica was found on XRD even though the substrate 

contained about 1 percent silicon. The thicker scales formed at 22000 F (1478 K), how­

ever, contained alpha cristobalite (a form of Si02) and zirconia (Zr02). 

Since no zirconium had been reported in the chemical analysis (table I), the presence 

of minor amounts of Zr02 was not expected. XRF analysis (table V(b)), however, indi­

cated the presence of zirconium in the substrate and its growing concentration in the 

scale with increasing time and temperature. Although zircon crucibles were used in the 

oxidation exposure, no other alloys showed such high Zr02 concentrations on the surface. 

The difference in the detection of Si02 at 20000 and 22000 F (1366 and 1478 K) can be 

attributed to the fact that silica films that develop at 20000 F (1366 K) and below are gen­

erally amorphous and are thus not detected as a discrete phase by XRD. Around 22000 F 

(1478 K), however, these amorphous films can revert to crystalline silica. The change 

in the color of the alumina scale may further indicate that the amorphous layer is serving 

as a diffusion barrier to some metal ions and preventing the contamination and coloration 

of the alumina scale. When amorphous Si02 no longer existed, chromium was detected 

by XRF in the pink scale scraped off the 22000 F (1478 K) specimen. It is well known 

that ruby is aluminum oxide with several percent chromium in solution. 

11 
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The adherence of the scale on this alloy may well be related to the pr esence of Si02 
or even Zr02 since the experiments of Hagel (ref. 6) involved similar Fe-25Cr-4Al 

alloys without silicon or zirconium. Under oxidation test, those alloys without silicon or 

zirconium showed widespread spalling of the alumina scale. Again, the spall analyses 

produced no meaningful information. 

In general, the Fe-Cr-AI alloys are very oxidation resistant. It appears that this 

can be related to the presence of an Al20 3 scale which is known to be a good diffusion 

barrier for both metal and oxygen ions. Furthermore, both iron and chromium form 

oxides which are isomorphous with Al20 3 so some substitution of these for aluminum in 

the oxide lattice can occur without a disruptive influence on the scale. 

NICKEL-BASE ALLOYS 

Nickel and Nickel-Chromium Type 

TD-Ni. - The Simplest alloy in this series is TD-Ni which is very pure nickel con­

taining a 2 volume p'3rcent dispersion of thorium dioxide (Th02). Table IT shows that 

after a 600-hour exposure at 20000 F (1366 K), this material had gained over 31 milli­

grams per square centimeter and had a spall weight of 15 milligrams per square centi­

meter. The retained oxide scale was dark grey and was 11 mils (280 fJ.m) thick . 

A cross section of the metal-retained oxide scale is shown in figure 4(a) . The mas­

sive oxide scale appears to be in two layers. The outer layer is columnar and contains 

large VOids, while the inner layer appears to be equiaxed and contains many small voids. 

When viewed under polarized light, the inner layer appears bright green while the outer 

layer appears black - a situation typical of the scales formed on pure nickel. Under 

polarized light both nickel and chromium oxides appear green . Nickel oxide (NiO) is 

usually a lighter green than Cr 2°3. Contrary to the internal oxidation found by Pettit 

and Felten (ref. 7) and the nonuniform attack and internal oxidation found by Wlodek 

(ref. 8), no internal oxidation or nonuniformity of attack was observed in this study. The 

substrate grains show orientation etching effects as evidenced by the apparent "stringer" 

slightly beneath the oxide-metal interface in figure 4(a). 

XRD (table VI(a)) determined that the major phase present in both scale and spall 

was NiO with minor amounts of Th02. The lattice parameter of NiO was determined to 

be 4. 177±O. 004 A in the scale and 4. 176±0. 004 A in the spall. These findings agree with 

those of Wlodek (ref. 8) who found the outer layer to have an a of 4. 177 A. Wlodek 
o 0 

further analyzed the inner layer and found its ao to also be 4. 177 A. XRF (table VI(b» 

found thorium (Th) in both the scale and the spall and also detected a small amount of 

chromium. 

14 



TD-NiCr. - TD-NiCr is a Ni-"20Cr alloy dispersion strengthened with 2 volume per­

cent of Th02. In contrast to TD-Ni, it has very good furnace oxidation resistance. 

After 600 hours at 2000 0 F (1366 K), this material gains only 0.8 milligram per square 

centimeter and has a spall weight of O. 7 milligram per square centimeter (table II). The 

scale thickness after such an exposure is only O. 2 mil (5 /lm); and even after 600 hours 
at 22000 F (1478 K) , it is only 0.7 mil (17.8 /lm). 

A cross section of this material after the 600-hour 20000 F (1366 K) exposure is 

shown in fi gure 4(b). The scale is very thin and under polarized light is dark green in­

dicating Cr 2°3. The substrate appears to contain very large grains within which appear 

partially agglomerated dispersoids . Furthermore, based on observations at various 

time-temperature conditions large voids develop in this material to a very great depth 
after oxidation expOsure. The origin of the voids is not clear. 

XRD (table VII(a)), supplemented by XRF (table VII(b)), verified the observation that 

the scale was Cr20 3. Furthermore, a small amount of Th02 was detected, but because 

of the very thin scale this may have been detected in the substrate . The amount of spall 

produced was very small. Meaningful data were not obtained on spall composition. 

A large number of studies have been made on the oxidation behavior of nickel­

chromium alloys. In most alloys of this type , a number of impurities are added to im­

prove cyclic oxidation resistance. Some of these elements promote the formation of 

spinels . In the case of TD-NiCr containing only nickel and chromium, only the Cr20 3 
was observed in the scale . Likewise, Gulbransen and Andrew (ref. 9) found a low sili­

con, lo~ manganese alloy to form essentially Cr 203 with only traces of a spinel of ao 
of 8. 33 A - most likely NiCr20 4. Those investigators such as Ignatov and Shamgunova 

with less pure alloys (ref. 10) found more spinel on the surface and Cr 20 3 only at the 

metal-scale interface showing spinel formation to be dependent on small percentages of 

impurities such as manganese. 

Chromel A. - Chromel A is a Ni-20Cr alloy with additions of less than about 1 per­

cent silicon or manganese. After 600 hours at 20000 F (1366 K), it showed a weight gain 

of 6. 5 milligrams per square centimeter and a spall weight of 16. 7 milligrams per 

square centimeter (see table II). The retained scale thickness after the aforementioned 

exposure is about 1. 3 mils (32 /lm) with some oxide fingers penetrating down to 6 mils 

(152 /lm). 

In cross section, very little scale has been preserved, as shown in figure 4(c). 

Under polarized light, the scale was green indicating Cr20 3 and was dotted with a black 

phase - probably spinel. At the substrate-scale interface, grey areas of an unknown 

composition were also observed. In the substrate, as judged by a number of time­

temperature conditions , considerable porosity developed beneath the scale and the typical 

twinned structure of nickel-chromium alloys was observed. This is in contrast to TD-
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NiCr which showed no twinning. Furthermore, the grain size of this substrate was quite 
large. 

XRD data (table VIII(a)) indicated Cr 20 3 to be the major retained scale phase with 

minor amounts of spinel present. The lattice constant of the spinel was 8 . 33±O. 02 A 
which is a good match for the expected NiCr

2
0

4
. 

The spall also contained Cr20 3 and more spinel than in the scale. The spinel con­

tained predominantly nickel and chromium (table VIII(b)). 

The dominance of Cr 203 in the scale again indicate the preference for this phase on 

oxidized Ni-20Cr alloys that contain only minor additions. 

DH242. - DH242 is similar to Chromel A but contains about 1 percent of niobium 

(Nb), tantalum (Ta), and iron. This alloy gained about 5. 9 milligrams per square centi­

meter after 600 hours at 20000 F (1366 K) and had a spall weight of 9.7 milligrams per 

square centimeter as shown in table ll. After the aforementioned exposure, the scale 

thickness was about 1. 1 mils (27 fJ.m), similar to Chromel A. However, the finger-like 

oxide projections extended deeper into the substrate with DH242, while the amount of 

void formation was somewhat less with this alloy (fig. 4(d)) than was observed with 

Chromel A, as shown in figure 4(c). When viewed under polarized light, this retained 

scale was essentially the same as that of Chromel A - the major phase was green indi­

cating Cr20 3 and a dark phase - spinel - was dispersed in it . 

XRD (table IX(a)) confirms the presence of Cr 20 3 in the scale but detects no spinel 

until after 600 hours at 22000 F (1478 K). XRF (table IX(b)) also shows chromium con­

centrating in the scale and finds nickel as well. There is also a slight concentration of 

niobium in the scale but no oxides of niobium were detected. 

The spall shows the presence of both Cr20 3 and a spinel with ao of 8. 38±0. 02 A. 
This lattice constant is above that of pure NiCr 20 4, and along with the concentration of 

iron in the spall detected by XRF, indicates that the spinel lattice has been enlarged in 

accordance with the trend shown in figure 1. The spinel may be of the (Ni, Fe)Cr20 4 
composition. 

The data collected on specimens exposed at 22000 F (1478 K) for up to 600 hours 

show that the relative amount of chromium is decreasing in the scale with time. This 

indicates that at such high temperatures, chromium is being lost via vaporization or that 

more spinel is being formed that contains lower chromium. 

Bendel. - Bendel is similar to some of the previously mentioned Ni-20Cr alloys in 

that it contains small amounts of both silicon and manganese. It differs in two major 

aspects: first, it contains 35 weight percent chromium and, secondly, it has 3 weight 

percent dispersion of MgA120 4. This alloy gained 8. 8 milligrams per square centimeter 

after 600 hours at 20000 F (1366 K) and spalled more than any other simple nickel alloy 

(i. e., 20.2 mg/cm2 - even more than TD-Ni as shown in table IT). The depth of pene­

tration seemed to be around 4 mils (102 fJ.m) maximum and was thus somewhat less than 
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that of DH242. This can be seen in the microstructure shown in figure 4(e) . The scale 

appears to grow inward at different rates in different areas as evidenced by the dished 

out areas. Under polarized light, this scale is dark green near the surface and becomes 

lighter green near the substrate interface. 

The aluminate spinel particles are quite large. These particles seem to have lim­

ited the amount of grain growth in the substrate during exposure. Also, the twinned 

structure appears to be more evident in this alloy than in others after the same thermal 

exposure. 

XRD (table X(a)) found the scale to abe primarily Cr20 3. The spall contained both 

Cr20 3 and a spinel of ao = 8. 35±0. 02 A - again somewhat high for pur~ NiCr20 4. XRF 

(table X(b)) showed that both manganese and iron are concentrated in the spall with a 
very high chromium intensity being detected. Again, the presence of manganese and 

iron is reflected in the higher lattice parameter of the spinel which may be of the 

(Ni, Mn)(Cr, Fe)204 type. No iron was noted in the chemical analysis of this material 

(table I), however. 

Complex Nickel-Base Alloys 

Hastelloy X. - Hastelloy X is reputed to be one of the most oxidation resistant of the 

commercial complex nickel-base alloys. After the 600-hour 20000 F (1366 K) exposure, 

this alloy gained only 4.3 milligrams per square centimeter and spalled only 6. 4 milli­

grams per square centimeter (table II). This is much better than the simpler nickel­

chromium type alloys. Further, the retained oxide scale was 1. 4 mil (35 11m) thick and 

maximum depth of penetration was about 5 mils (132 11m) after the aforementioned ex­

posure. 

Figure 5 shows the typical progression of complete alloy scale development. After 

4 hours at 18000 F (1254 K), a temperature chosen so as to extend the time between 

gross changes, dark spots can be seen to be developing along surface scratches (see 

fig. 5(a)). These are Cr203. When 100 hours have passed (fig. 5(b)), almost the entire 

surface is overgrown with the dark phase and some lighter phase can be seen to be form­

ing. After 600 hours (fig. 5(c)), both light and dark regions are apparent indicating an 

intermixing of several oxide phases. 

In cross section, the 600-hour 20000 F (1366 K) specimen (see fig. 6(a)) shows a 

tightly adherent scale with large voids below the surface extending to a depth of about 

10 mils (254 11m). The scale is green under polarized light. It is light green near the 

substrate, while it gradually darkens near the surface . This indicates either a change 

in the Cr20 3 or the presence of a finely dispersed, dark second phase. The carbide 

phase in the substrate agglomerates after long-time exposure but is not visible in fig­

ure 6(a) since the region near the surface has been depleted of carbides. 
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XRD (table XI(a)) shows that scales at both 18000 and 20000 F (1254 and 1366 K) to 

contain major fractions of both Cr20 3 and a high lattice parameter spinel of 

ao = 8. 37±0. 02 to 8. 39±O. 02 A. The spall at 20000 F (1366 K) is similar to the scale. 

After 600 hours at 22000 F (1478 K), the major phase in the retained scale is Cr 20 3 and 

the spinel is no doubt heavily concentrated in the spall. XRF (table XI(b» shows that 

chromium and manganese concentrate in both the scale and the spall. Thus, the spinel 

no doubt contains significant manganese which raises the value of the lattice parameter 

as shown in figure 1. The spinel is probably an (Fe, Ni)(Cr , Mn)204 type. 

Molybdenum (Mo) also concentrates in the retained scale at both 18000
, 20000

, and 

22000 F (1254, 1366, and 1478 K) (see table XI(b)), but no molybdenum compounds were 

found by XRD. Since no molybdenum was detected in the spall by XRF, molybdenum 

probably has been lost via vaporization of Mo03. 

There have been several studies on the oxidation behavior of Hastelloy X (refs. 11 

and 12 among others). The results of this study differ from those of a study made by 

Wlodek (ref. 12). He found that on cooldown the oxides spalled cleanly from the metal. 

This study found retained scale. The difference may be that Wlodek conducted noncyclic 

tests on electropolished specimens and that the stresses developed in the thick scale 

were so great as to cause shear at the interface. 

Wlodek found a higher lattice parameter spinel (ao = 8.4 to 8.5 A) than reported 

herein. He also found that amorphous silica existed at the metal-scale interface. In the 

studies described in this report, no evidence of Si02 was detected even after the 22000 F 

(1478 K) exposures where silica would be expected to become crystalline. 

Udimet 500. - This alloy retained about the same weight of scale as Hastelloy X 

(i. e., 4.2 mg/cm2) after 600 hours at 20000 F (1366 K), but the amount of spall was con­

siderably more (16.9 mg/cm2 (table II». However, the scale thickness was only about 

1. 5 mils (37 J,lm), and there was very little oxide penetration (see fig. 6(b». Under po­

larized light, the inner layer of the retained scale appeared light blue. 

The outer scale layer was dark blue. This indicates that the scale was probably 

CoA120 4 . Some dark islands were scattered in this scale - probably a spinel. The 

substrate itself showed very shallow depletion and relatively few voids below the scale 

interface. Some twinning and moderate grain growth were observed, but these are not 

visible in the lightly etched microstructure shown in figure 6(b). 

XRD (table XII(a)) confirmed the presence of (Ni, Co)O in the retained scale. Also in 

the scale was considerable spinel with a very low lattice parameter a o of 8. 10±0. 02 A. 
The scale was studied by XRF (table XII(b). Little chromium was found and essentially 

only nickel and cobalt were detected. A small amount of titanium was also found in the 

scale but no titanium compounds were detected by XRD. Since aluminum cannot be de­

tected by standard XRF, the scale spinel is believed to be either NiCo20 4 (see fig. 1), 

(Ni, Co)A120 4 whose lattice parameter is 8. 046±0. 02 A, or a mixture of both. The spall 
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from this allo~ is different from the retained scale in that both Cr20 3 (minor phase) and 

an 8. 31±0. 02 A spinel (major phase) were found. From figure 1, the spall was probably 

a (Ni, Co)Cr20 4 spinel. 

RA 333. - This alloy is very high in both iron and chromium and showed both the 

highest weight gain (8.0 mg/cm2) and the greatest spall weight (20.2 mg/cm1 of any of 

the complex nickel alloys after 600 hours at 20000 F (1366 K) (table II). The retained 

scale thickness was 1. 5 mils (37 JJ.m). 

The microstructure of the scale-substrate cross section is shown in figure 6(c). 

The scale is irregular with patches of a second phase being retained on the surface. 

Polarized light showed a green Cr20 3 scale gradually darkening away from the metal in­

terface with dark patches of the second phase on the surface. Brown islands of spinel 

were also observed. Extensive void formation and localized oxide penetration to a depth 

of 7 mils (178 JJ.m) were noted. A depleted zone (not completely shown) extended several 

mils beyond the depth of oxide penetration. 

XRD (table XIII(a)) detected Cr 20 3 and spinel in both scale and spall, with more 

Cr
2
0 3 in the retained scale than in the spall. XRF (table XIII(b)) shows some concentra­

tion of chromium and manganese in the retained scale indicating that the spinel, whose 

ao is 8. 44±O. 02 A, is probably Ni(Cr, Mn)204' In the spall, XRF shows the concentra­

tion of chromium, manganese, and iron. The spinel in the spall has an ao of 

8. 40±O. 02 A; and by using the data of figure 1, it may be more closely described as 

(Ni, FeHCr, Mn)204' 

COBALT-BASE ALLOY 

L -605 

L-605 was the only cobalt-base alloy included in the oxidation studies. It contains 

20 weight percent chromium, 10 weight percent nickel, and 16 weight percent tungsten 

as the major alloying elements. After a 600-hour exposure at 20000 F (1366 K), this 

alloy gained 36. 1 milligrams per square centimeter - more than any other alloy other 

than N-155. Further, the spall weight was 112 milligrams per square centimeter -

again more than any other alloy other than N-155 (table II). In general, the retained 

scale was rather uniform in thickness; but after long-time exposures at both 18000 and 

20000 F (1254 and 1366 K), some fingers of oxide developed which penetrated the sub­

strate as shown in figure 7. After 600 hours at 20000 F (1366 K) the scale (1. 5 mils or 

37 JJ.m thick) can be seen to consist of several layers . Under polarized light, green 

Cr203' blue CoAl20 4, and several dark phases could be detected in the scale. Beneath 

the scale, the C02W Laves phase is depleted to a depth of greater than 4 mils (102 JJ.m). 

Furthermore, voids can be detected in the depleted zone, although the total number and 

volume of voids are not as great as were observed in some of the previous alloys. 
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C-68-3780 

Figure 7. - Cobalt-based alloy l-605 after 600 hours in air at 2000 0 F (1366 KI. X500. 

With increasing time at 18000 F (1265 K) and even at 4 hours at 20000 F (1366 K), 

phases besides the predominant (Co, Ni)O were detected (see table XIV). The lattice 

parameter of the spinel appeared to become larger with both increasing time and tem­

perature. It ranged from 8. 20±0. 02 to 8. 29±O. 02 A over the span of 4 hours at 18000 F 

(1254 K) to 600 hours at 20000 F (1366 K). By using XRF and figure 1 data, the spinel 

is probably (Co, Ni)Cr20 4. Spinel became the single major phase after 100 hours at 

20000 F (1366 K). Other phases detected were (Co, Ni)O, CoW04, and Cr 20 3. The spall 

after 600 hours at 20000 F (1366 K) was predominantly CoW04 and (Co, Ni)O. 

SUMMARIZING REMARKS AND CONCLUSIONS 

Selected samples of 12 commercial heat resisting alloys were studied after cyclic 

furnace oxidation tests at temperatures of from 14000 to 22000 F (1033 to 1478 K). Con­

secutive cycles at 4, 16, 64, 100, 200, 300, 400, 500, and 600 hours of exposure were 

used to develop surface oxide scales and spall over a wide range of time. The majority 

of the metallography, X-ray fluorescence, and X-ray diffraction studies on both the in 

situ scales and spall were conducted on samples that had been exposed for 600 hours at 

20000 F (1366 K). 

The following table summarizes the weight change and spall data as well as the scale 

composition and characterization information for specimens exposed at 2000 0 F (1366 K) 

for 600 hours. (The alloys are listed in order of decreasing oxidation resi stance under 

the cyclic furnace conditions used in this study.): 
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Alloy Weight gain, Total spall, 

(base element) mg/cm
2 

mg/cm
2 

(a) (a) 

TD-NiCr (Ni) 0.8 -0. 7 

HS - 875 (Fe) 0.9 -0. 5 

GE 1541 (Fe) 1. 1 -0. 4 

Haste lloy X (Ni) 4. 3 6.4 

Udimet 500 (Ni) 4. 2 16.9 

DH242 (Ni) 5. 9 9. 7 

Chromel A (Ni) 6. 5 16. 7 

RA 333 (Ni) 8. 0 20. 2 

Bendel (Ni) 8.8 20 . 2 

TD-Ni (Ni) 31. 1 15. 0 

L-605 (Co) 36. 1 112.0 

N-155 (Fe) 45. 0 250. 0 

aData fr om NASA CR-930 . 

ba = lattice parameter in A (or XlO- IO m) . 
o 

Major (and minor) scale constituents Major (and minor) spall constituents 

(b) (b) 

Cr 20 3i (Th0 2) Light spall - composition did not 

correlate with alloy chemistry 

aAl20 3 Light spall - composition did not 

correlate with alloy chemistry 

aA120 3 Light spall - composition did not 

correlate with alloy chemistry 

Cr20 3, (Fe,Ni)(Cr,Mn)20 4 
ao = 8.39:1:0 .02 A 

Cr20 3, (Fe, Ni)(C:, Mn)204 
ao = 8. 39±0. 02 A 

(Ni, Co) O, (Ni, Co)~Co, AI) 204 (Ni, Co) Cr 20 4, 

ao = 8. 10:1:0. 02 A ao = 8.31:1:0.02 A; (Cr20 3) 

Cr20 3 Cr20 3, (Ni, Fe) C: 20 4 
ao = 8.38:1:0.02 A 

Cr20 3i (Ni Cr 20 4 0 Cr20 3, NiCr 20 4 
ao = 8 . 34±0. 02 A) a = 8 . 33±O. 02 A 

0 

Cr20 3, Ni(Cr, Mn~204 Cr20 3, (Ni, Fe)(C:, Mn)204 
ao = 8. 44±0. 02 A ao = 8. 40±0. 02 A 

Cr 20 3 Cr20 3, (Ni, Mn)(C!", Fe)204 
ao = 8. 35±0. 02 A 

NiOi (Th02) NiOi (Th0 2) 

(Ni, Co)(Co, Cr)204' CoW0 4, (Co, Ni) O 

a = 8. 29±0. 02 Ai «Co, Ni) O) 
0 

Cr 20 3, (Ni, Co)(Cr, Fe)204 yFe20 3, (Ni, Co)(~r, Fe) 204 
a = 8. 32:1:0 . 02 A a = 8. 34±0. 02 A 

0 0 

The most oxidation resistant alloys were TD-NiCr and the two Fe-Cr-Al type alloys , 

HS-875, and GE 1541. Each of these alloys formed only a single oxide of the M
2
0

3 
type. 

This type scale appears to best inhibit further oxidation of the substrate and also tends 
to spall very little. 

The remaining nickel-base alloys formed spinels such that spinel was detected in all 

of the spalls and in every retained scale but that on Bendel. These alloys also generally 

formed a second major scale and spall phase with the exception of TD-Ni, the latter 

forming only NiO, a recognized poor oxygen and nickel ion diffusion barrier. The spall­

ing connected with such two-phase scales suggests that the presence of a mixed oxide 

scale promotes spalling. There is no apparent correlation between oxidation degradation 
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as expressed by weight gain and spall weight and between spinel composition or lattice 
parameter. 

The remaining iron alloy, N-155, showed a two-phase scale and poor oxidation and 
spall resistance. 

The L- 605 cobalt alloy apparently suffers from a severe spalling problem. 

Lewis Research Center, 

National Aeronautics and Space Administration, 

Cleveland, Ohio, October 16, 1968, 
129-03-05-03-22. 
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TABLE I. - ALLOY CHEMICAL ANALYSES (REF. 1) 

[Weight percent except when indicated otherwise.] 

Alloy Analysisa Carbon Man- Silicon Chro- Nickel Cobalt Molyb- Tung- Niobium Tita- Alu- Iron Copper SuIIur Phos- Other 

ganese mium 

v 0. 10 I. 51 0.73 21. 35 20.26 19.93 

0.10 1. 76 0.80 21.51 20.16 19.93 

GE 1541c v 28 ppm 15.36 

0.01 0.02 0.03 13.64 

v 22.35 

0. 03 0.25 0.91 22.25 

TD-Nie v 0.0009 < 0.01 Balance < 0.01 

0.02 98 . 64 

TD-NiCre v 62 ppm 20.72 Balance 

0.01 20.61 Balance 

Chromel Ad v 0.20 1.40 20.0 78.0 

0.02 0.05 0.74 20.61 78.6 

v 0 . 02 0.08 0.96 19.4 Balance 

0.04 0.02 1. 16 22.28 Balance 

v 34.0 63 . 0 

0.09 0.13 0.81 35.89 61. 90 

denum sten 

2.98 2.50 

2.64 2.25 

and 

tantalum 

1. 02 

1. 20 

I. 28 

1. 03 

niunl minum phorus 

Balance 0 .011 0.020 

------ 1 Balance 0.012 0.007 

4.19 Balance 35 ppm 17 ppm 70 ppm 0.43 Y 

4. 20 Balance 0 .003 0.004 0.88 Y 

5.80 Balance 

5. 39 Balance 0.005 0.005 

< 0 . 001 < 0.01 < 0.001 0.001 2.6 Th02 

0.002 0.006 

18 ppm 2.6 Th02 

0.029 0.012 

0.006 0.004 

0.96 

1. 40 0.005 0.005 

3.0 spinel 

0.007 0.011 

Hastelloy x
b 

I-_V __ -t-0_,_0_1.:..5+.:..0_ . .:..57_1-.:..0:..,. 8:..,4.:..r2.:..2:..,._4_7+B:..:ala=n::.c:..:e+_0_. 9_3-1.....:-9.:... ,::1.:..2+_0_._5_7+-___ -t-__ + __ +..:1::.8.:.. . .:..35=---1-__ +-=0.:... ,::00.:..7-1_0::.::.0:..:1::.8-+ ___ _ 

0.03 0.57 

Udimet 500h v 0.07 kO.1 

0.07 0.05 

v 0.03 1. 34 

0.07 1. 20 

v 0.11 1. 45 

0. 10 1. 25 

3.y = vendor'S analysis. 

1= independenl laboratory analysis . 
bUnion Carbide Corp. 

CGeneral Electric Co. 

dHoskins Manufacturing Co. 

eE . 1. duPont de Nemours & Co. 
[Driver-Harris Co. 
gBendix Corp. 

hspecial Metals Corp. 

iRolled Alloys, Inc. 

28 

0.78 21. 54 Balance 1. 64 8. 52 0.73 19.81 0.006 0.006 

< 0.1 18.9 BaJance 19.1 4.05 3.01 3. 00 0.18 < 0.1 0.003 

0.04 19.06 Balance 19.40 4 . 30 3.05 3.17 0.01 0.005 0.003 

0.94 25.80 46.87 2.81 2.80 2.93 Balance 0.03 0.008 0.012 

0.82 24.89 46.08 3.05 2.60 3.72 Balance 0.023 0.011 

0.16 19.81 10.04 BaJance 14.61 1. 80 0.008 0.023 

O. 18 19.89 10.32 BaJance 15. 78 2. 03 0.015 0.004 
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TABLE II. - CYCLIC FURNACE AIR 

WEIGHT GAIN AND SPALL WEIGHT 

AFTER 600 HOURS AT 2000° F 

(1366 K) (REF. 1) 

Alloy Weight gain, Total spall, 

mg/ cm
2 2 

mg/ cm 

Iron base 

N-155 45.0 250 . 0 

GE 1541 1.1 -.4 

HS-875 .9 - . 5 

Nickel base 

TD-Ni 31. 1 15.0 

TD-NiCr . 8 - . 7 

Chromel A 6.5 16 . 7 

DH242 5.9 9. 7 

Bendel 8.8 20. 2 

Hastelloy X 4.3 6.4 

Udimet 500 4. 2 16.9 

RA 333 8.0 20. 2 

Cobalt base 

I 

! 
L-605 36. 1 112.0 

I 

I 
I 

I 

1 
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TABLE III. - XRD AND XRF DATA ON N-155 

(a) XRD data 

Exposure Exposure Sample Major phases Minor phases Trace 

temperature time , location 

of 
hr 

K (a) 

2000 1366 600 Scraped Cr 20 3, spinel ------------ -----

scale ao = 8. 32±0. 02 A 

Spall yFe 20 3, spinel ------------ -----
ao = 8. 34±0. 02 A 

(b) XRF data 

Exposure Exposure Sample Element characteristic radiation intensity 

temperature time, location 

hr (b) CrKO! MnKO! FeKO! CoKO! NiKO! WLO! NbKO! MoKO! 
of K 

1400 1033 4 No scale I 45.0 4.5 139.0 128.0 125.0 4.5 2.0 5. 5 

R O. 188 0.032 1. 000 0.921 0. 899 0.032 0.014 0.039 

2000 1366 600 In situ I 103 . 0 1. 00 30.0 45.0 77.0 8.5 3.4 8.0 

R 3.433 0.033 1. 000 1. 500 2.566 O. 283 0.113 0.266 

Spall I 45.3 7.8 97.6 105.5 93.2 3. 0 1.6 1.6 

R 0.445 0.080 1. 000 1. 075 0.954 0.031 0. 016 0.016 

a 0 ( -10 a = lattice parameter in A or x10 m) . 

bI ~ intensity = X10-3 count/ min of element. 

R = intensity ratio = I/ Ialloy base 1 
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TABLE IV. - XRD AND XRF DATA ON GE 1541 

(a) XRD data 

Exposw'e Exposure Sample Major phases Minor phases Trace 
temperature time, location 

hr 

of K (a) 

1800 1254 600 Scraped scale OIA120 3• Cr 20 3 ------------

2000 1366 Scraped scale OIAl20 3 ------------

100 Scraped scale OIAl20 3 ------- - ----

600 Scraped scale OIAl203 - - - - -- - -----

Cr20 3• spinel 

ao = 8. 34±0. 02 

(b) XRF data 

Exposure Exposure Sample Element characteristic radiation intensity 

temperature time, 
hr 

location f--,----,----,----,----,-----,----,----1 
(c) CrKa MilKO' FeKO' CoKO' NiKO' YKO' ZrKO' 

1400 1033 No scale 50.0 419 . 0 3. 

R 0.119 I. 000 0.007 

1800 1254 In situ 45.0 382.0 2.8 

R 0.118 I. 000 0.007 

100 In situ 33.0 304.0 1.9 

R 0.108 I. 000 0.006 

600 In situ 38. 350.0 3.0 

R O. 110 I. 000 0.009 

2000 1366 In situ 43.0 368.0 2.7 

R 0.117 I. 000 0.007 

100 In situ 41. 0 375.0 3 . 3 

R 0.109 I. 000 0.009 

600 In situ 42.0 350.0 3.6 

R 0.120 I. 000 0.010 

spanb 31.7 9.0 35.5 0.6 27. 0.5 

R 0.893 0.253 I. 000 0.017 O. 775 0.014 

aa = lattice parameter in A (or XIO- IO m). 
bR~sultS do not correlate with other compositional information on alloy . 

c1 = intensity = XlO- 3 count/ min of element. 

R = intensity ratio = I/Ialloy base' 
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TABLE V. - XRD AND XRF DATA ON HS-875 

(a) XRD data 

Exposure Exposure Sample Major phases Minor phases Trace 

temperature time, location 

of K 
hr 

(a) 

1800 1254 100 Scraped scale aAl20 3 ----------------- -----

600 Scraped scale aAl20 3 - ---------------- -- ---

2000 1366 600 Scraped scale aAl20 3 --------- ----- - -- -----

SpaUb Cr20 3, spinel -------- - -- - -- --- --- - -

ao = 8. 35±0. 02 A 

2200 1478 4 Scraped scale aAl20 3 aSi02 
-----

100 Scraped scale aAl20 3 Zr02(t), Zr0
2
(m)c -----

600 Scraped scale aAl
2
0

3 
Zr02(t) , Zr0

2
(m)c -----

(b) XRF data 

Exposure Exposure Sample Element characteristic radiation intensity 

temperature time, location 

hr (d) CrKa MnKa FeKa CoKa 
of K 

1400 1033 4 No scale I 69.0 1.0 345 . 0 -----

R 0.200 0.003 1. 000 -----

1800 1254 4 In situ I 60.0 1.0 280.0 - ----

R 0.214 O. 004 1. 000 -----

100 In situ r 53.5 ------ 277 .0 -----

R 0.193 ------ 1. 000 -----

600 In situ I 50.5 ------ 261. 0 -----

R 0.193 -- - --- 1. 000 -----

2000 1366 600 In situ I 49.0 1.0 253 .0 -----

R 0.194 0.004 1. 000 -----

Spallb I 45. 4 10.9 45.7 0. 9 

R O. 993 0.238 1. 000 0.020 

2200 1478 4 In situ I 55.0 ------ 282.0 -----

R O. 195 ------ 1. 000 -----

100 In situ I 23 .0 - - - --- 145.0 -----

R 0.159 ------ 1. 000 -----

600 In situ I 17 . 0 ------ 94.0 --- --

R O. 181 ------ 1. 000 -----

Scraped I 2.7 ------ - ------ - --- -

scale 

aa = lattice parameter in A (or x lO- lO m). 

bR~sults do not correlate with other compositional information on alloy. 
ct = tetragonal. 

m = monoclinic. 
dI = intensity = x lO- 3 count/ min of element. 

R = intensity ratio = I/ Ialloy base ' 

NiKa ZrKa 

2.2 1. 4 

0.006 0.004 

1.7 1.2 

0.006 0.004 

2.0 1.0 

0.007 O. 004 

2.0 1.4 

0.008 0.005 

4.8 1.5 

0.019 0.006 

35.6 0. 5 

0.779 0.011 

1.9 1.2 

0.007 0.004 

1.6 5. 8 

0.011 0.040 

1.3 8.9 

0.014 0. 095 

--- --- 4.2 



TABLE VI. - XRD AND XRF DATA ON TD-Ni 

(a) XRD data 

Exposure ExposurE Sample Major phases Minor phases Trace 

temperature time, location 

OF 
hr 

K (a) 

2000 1366 600 ~craped scale NiO Th02 
-----

ao = 4. 177±O. 004 A 

Spall NiO Th02 -----

ao = 4. 176±O. 004 A 

(b) XRF data 

Exposure Exposure Sample Element characteristic radiation intensity 

temperature time, location 

hr (b) CrKQ! MnKQ! FeKQ! CoKQ! NiKQ! ThLQ! 
OF K 

1400 1033 4 No scale I ----- ----- ----- ----- 1070.0 2.8 

R ----- ----- ----- ----- 1. 000 0.003 

2000 1366 600 In situ I 0.9 ----- ----- ----- 935.0 2.8 

R 0.001 ----- ----- ----- 1. 000 0.003 

Spall I 1.7 ----- ----- ----- 443.0 1.4 

R 0.005 ----- ----- ----- 1. 000 0.003 

a 0 -10 a = lattice parameter in A (or x10 m). 
bI ~ intensity = X10-3 count/min of element. 

R = intensity ratio = I/ Ialloy base· 
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TABLE VII. - XRD AND XRF DATA ON TD-NiCr 

(al XRD data 

Exposure Exposure Sample Major phases Minor phases Trace 

temperature time , location 

of K 
hr 

(a) 

1800 1254 4 Scraped scale Cr20 3 Th02 ----

lOa Scraped scale Cr20 3 ---- Th02 

600 Scraped scale Cr20 3 ---- Th02 

2000 1366 600 Scraped scale Cr203 ---- ----

Spall Cr203> spinel ---- ----

ao ; 8 . 33±O. 02 A 

2200 1478 4 Scraped scale Cr20 3 ---- ----

lOa Scraped scale Cr203 ---- ----

600 Scraped scale Cr20 3 
---- Th02 

(b) XRF data 

Exposure Exposure Sample Element characteristic radiation intensity 
temperature time, location 

hr (c) CrK'" MnK'" FeK'" CoK'" NiK'" ThL'" 
OF K 

1400 1033 No scale 55.5 657.0 2.6 

R O. 084 1. 000 O. 004 

1800 1254 In situ 54. a 615. a 2. 1 

R 0.088 1. 000 0.003 

100 In situ 76 . a 490.0 2.4 

R 0.155 1. 000 O. 005 

600 In situ 97. a 382. a 2.3 

R 0.254 1. 000 0.006 

2000 1366 600 In situ 95. a 304.0 2. 1 

R 0. 312 1. 000 0.007 

Spallb 12.7 3.4 12.9 10. 

R 1. 187 0.318 1. 206 1. 000 

2200 1478 In situ 80.5 353.0 1.8 

R 0.228 1. 000 O. 005 

100 In situ 113. a 207. a 1.7 

R 0.546 1. 000 O. 008 

600 In situ 116. a 166. a 1.8 

R 0.699 1. 000 O. all 

Scraped scale 3.8 3.9 

R 0.974 1. 000 

aa
o

; lattice parameter in A (or XlO- lO m)., 

bResults do not correlate with other compositional information on a lloy . 

cI ; intensity; x lO-3 count/min of e lement . 

R; intensity ratio; I/ Ialloy base' 
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TABLE XIII. - XRD AND XRF DATA ON RA 333 

(a) XRD data 

Exposure Exposure Sample Major phases Minor phases Trace 
temperature time, location 

of 
hr 

K (a) 

2000 1366 600 Scraped scale Cr20 3, spinel ---- - - - ----- -----

ao = 8. 44±O. 02 A 

Spall Cr 20 3, spinel ------------ -----

ao = 8. 40±O. 02 A 

(b) XRF data 

Exposure Exposure Sample Element characteristic radiation intensity 

temperature time , location 

hr (b) CrKO' MnKO' FeKO' CoKO' NiKO' WLO' MoKO' 
OF K 

1400 1033 4 No scale I 52 . 0 4.5 93 . 0 22.0 297 . 0 4.4 5. 1 

R 0.175 0.015 0.313 0.074 1. 000 0.015 0. 017 

2000 1366 600 In situ I 128.0 15.0 27.0 6.5 90 . 0 1.9 5.4 

R 1. 422 0.167 0.300 0.072 1. 000 0.021 0.060 

Spall I 121. 0 32. 2 12.4 1.6 23 . 0 ----- -----

R 5.261 1. 400 O. 539 0.070 1. 000 ----- -----

a 0 -10 a = lattice parameter in A (or X10 m). 
bI ~ intensity = XIO-3 count/ min of element. 

R = intensity ratio = I/ Ialloy base' 
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TABLE IX. - XRD AND XRF DATA ON DH242 

(a) XRD data 

Exposure Exposure Sample Major phases Minor phases Trace 

temperature time, location 

of 
hr 

K (a) 

1800 1254 4 Scraped scale Cr203 ------------ - ----

100 Scraped scale .Cr20 3 
------- ---- -----

600 Scraped scale Cr 20 3 ----------- - - ----

2000 1366 600 Scraped scale Cr 20 3 ------------ -----

Spall Cr 2°3> spi nel ------------ -----

a
o 

= 8. 38±O. 02 A 

2200 1478 4 Scraped scale Cr20 3 ------------ - ----

100 Scraped scale Cr20 3 - ------ ----- -- ---

600 Scraped scale Cr20 3> spinel ------- --- -- -- ---

ao = 8. 38±O. 02 A 

(b) XRF data 

Exposure Exposure Sample Element char acteristic radiation intensity 

temperature time, location 
hr (b) CrKO! 

of K 

1400 1033 4 No scale I 55.0 

R 0.082 

1800 1254 4 In situ I 69.0 

R 0.127 

100 In situ I 60.0 

R 0.013 

600 In situ I 92.0 

R 0.263 

2000 1366 600 In situ I 87. 0 

R 0.327 

Spall I 134 . 3 

R 3.374 

2200 1478 4 In situ I 94.0 

R 0.395 

100 In situ I 102.0 

R 0.589 

I 68.0 

600 In situ R O. 141 

aa = lattice parameter in A (or XIO- 10 m). 

bI ~ intensity = X10- 3 count/min of element. 

R = intensity ratio = I/ Ialloy base' 

MnKO! FeKO! CoKO! NiKO! ZrKO! 

----- 10.0 O. 5 668.0 -----

----- 0.015 0.001 1. 000 - ----

-- --- 9.2 0.5 542.0 -----

----- 0.017 0.001 1. 000 -- ---

- ---- 9.0 0.5 585.0 - ----

----- 0.015 0.001 1. 000 -----

----- 5.0 ----- 350.0 -- ---

----- 0.014 ----- 1. 000 -----

----- 4. 2 ----- 266.0 0.5 

- --- - 0.016 ----- 1. 000 0.001 

5. 9 2.6 ----- 39.8 0.5 

O. 148 0.065 ----- 1. 000 0.010 

--- -- 3.3 0.2 238.0 -----

- ---- 0.0 14 0.001 1. 000 -----

----- 2.3 ----- 173 . 0 -- ---

----- 0.013 ----- 1. 000 -- ---

- ---- 8.2 ----- 483.0 -----

----- 0.017 ----- 1. 000 -----

NbKO! 

2.1 

0.003 

2.5 

0.005 

2.5 

0.004 

2.6 

0 .007 

2. 5 

0.009 

O. 2 

O. 005 

2. 3 

0.010 

2.1 

0.012 

6. 2 

0 . 013 

--I 

I 



TABLE X. - XRD AND XRF DATA ON BENDEL 

(a) XRD data 

Exposure Exposure Sample Major phases Minor phases Trace 
temperature time, location 

of 
hr 

K (a) 

2000 1366 600 Scraped scale Cr20 3 ------- ---- - -----

Spall Cr20 3, spinel ------------ -----

ao 
= 8. 35±0. 02 A 

(b) XRF data 

Exposure Exposure Sample Element characteristic radiation intensity 

temperature time, location 

hr (b) CrKQI MnKQI FeKQI CoKQI NiKQI ZrKQI 
of K 

1400 1033 4 No scale I 95.0 7.6 3.0 0.5 463.0 -----

R O. 205 0.016 0.006 0.001 1. 000 -----

2000 1366 600 In situ I 128.0 2.0 ----- ----- 181. 0 - --- -

R O. 707 0.011 ---- - ----- 1. 000 -----

Spall I 124.4 8.2 2. 0 0.5 11. 2 0.5 

R 11. 07 0.732 0. 179 0.045 1. 000 0.045 

a 0 -10 a = lattice parameter in A (or x 10 m). 

bI ~ intensity = XIO- 3 count/min of element. 

R = intensity ratio = I/ laUoy base' 
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r 

l_. __ 

Exposure 

temperature 

a F K 

1800 1254 

2000 1366 

2200 1489 

TABLE Xl. - XRD AND XRF DATA ON HASTELLOY X 

(a) XRD data 

Exposure Sample Major phases 

time, location 

hr 
(a) 

Scraped scale Cr20 3 

100 Scraped scale Cr20 3, spinel 

aa = 8. 36±O. 02 A 

600 Scraped scale Cr20 3, spinel 

aa = 8. 37±O. 02 A 

Spall Cr20 3, spinel 

aa = 8. 39±O. 02 A 

100 

600 

(b) XRF data 

Minor phases 

(a) 

-- - --- - --- - - - - - --

- - - - - - - - - - - --- - --

- - ... - - ------ -- - - --

Spinel 

aa = 8. 38±O. 02 A 

Spinel 

aa = 8. 37±O. 02 A 

Spinel 

a = 8.37±O.02 A a 

Trace 

-----

Expasure Exposure Sample Element characteristic radiation intensity 

temperature time , location 
hr (b) 

a F K 

1400 1033 4 Na scale I 

R 

1800 1254 4 In situ I 

R 

100 In situ I 

R 

600 In situ I 

R 

2000 1366 600 In situ I 

R 

Spall I 

R 

2200 1478 4 In situ I 

R 

100 In situ I 

R 

600 In situ I 

R 

Scraped scale I 

R 

aa = lattice parameter in A (ar x10- 1O m). 

~ ~ intensity = XlO- 3 caunt/min af element. 

R = intensity ratia = I/Iallay base' 

CrKQ> 

56.0 

0.142 

42.0 

0 . 106 

73.0 

0.285 

110.0 

1. 100 

118 . 0 

1.873 

141. 5 

5.920 

63.5 

0.286 

112. 0 

L 318 

119.0 

2.052 

25.0 

3.571 

MnKO' FeKQ> CaKQ> NiKQ> WLQ> 

2.7 119.0 11.0 394.0 1.8 

0.007 0.302 0.028 1. 000 0.005 

1.0 118.0 10.0 397.0 1.0 

0.002 0.297 0.025 1. 000 0.002 

6.5 73.0 6.5 256 . 0 -----

0. 025 0.285 0.025 1. 000 -----

18.0 24.0 2.2 100.0 -----

0.180 0 . 240 0.022 1. 000 - --- -

17.0 14.0 2.0 63.0 -----

0.270 0.222 0.032 1. 000 -----

26.9 7.7 0.5 23.9 - -- --

1. 125 0.322 0.021 1. 000 - - - - -

2.0 61. 0 5.9 222.0 - - ---

0.009 O. 275 0.027 L 000 --- - -

6.0 18.0 1.7 85.0 -----

0.071 0.212 0.020 1. 000 - -- --

10.0 14.0 1.4 58 . 0 - - ---

O. 172 0.212 0.024 1. 000 - - - - -

3. 1 ------- ------ 7.0 -----

0.443 - - ----- ------ L 000 -----

MaKQ> 

20.0 

0.051 

16.0 

0.040 

16. 5 

0.064 

15.5 

0.155 

12.0 

0.190 

----- -

------

16.0 

0.059 

15.0 

0.176 

11.5 

0.136 

---- --

-- - ---

I 
I 

1 



TABLE XII. - XRD AND XRF DATA ON UDIMET 500 

(a) XRD data 

Exposure Exposure Sample Major phases Minor phases Trace 
temperature time, location 

of 
hr 

K (a) 

2000 1366 600 Scraped scale (Ni, Co)O ----- -----
ao = 4. 19±0. 01 A, 

spinel 

ao = 8. 10±0. 02 A 

Spall Spinel Cr20 3 
-----

ao = 8. 31±0. 02 A 

(b) XRF data 

Exposure Exposure Sample Element characteristic radiation intensity 

temperature time, location 

hr (b) CrKO! MnKO! FeKO! CoKO! NiKO! TiKO! MoKO! 
of K 

1400 1033 4 No scale I 7.8 --- - - ----- 25.0 78.0 ----- 1.4 

R 0. 100 ----- ----- 0.320 1. 000 ----- O. 18 

2000 1366 600 In situ I 37.0 ----- ----- 134.0 433.0 1.0 8 

R 0. 085 ----- ----- 0.309 1. 000 0.002 0. 018 

Spall I 55. 1 ----- 3. 1 54.2 133.0 0.8 -----

R 0.414 ----- 0.023 0.407 1. 000 0.006 -----

a 0 -10 a = lattice parameter in A (or x10 m). 

br ~ intensity = X10-3 count/min of element. 

R = intensity ratio = I/ Ialloy base' 
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TABLE VIII. - XRD AND XRF DATA ON CHROMEL A 

(a) XRD data 

Exposure Exposure Sample Major phases Minor phases Trace 

temperature time , location 

of K 
hr 

(a) 

2000 1366 600 Scraped scale Cr20 3, spinel ------------ -----

ao = 8. 34±0. 02 A 

Spall Cr 20 3, spinel ------------ -----
ao = 8. 33±0. 02 A 

(b) XRF data 

Exposure Exposure Sample Element characteristic radiation intensity 

temperature time, location 

hr (b) CrKO! MnKO! FeKO! CoKO! NiKO! ZrKO! 
of K 

1400 1033 4 No scale I 59.0 --- ----- 0. 5 675.0 0.5 

R 0. 087 --- ----- 0.001 1. 000 0.001 

2000 1366 600 In situ I 44.0 --- ----- O. 5 609.0 -----

R 0.072 --- ----- 0. 001 1. 000 -----

Spall I 129.0 3. 1 ----- ----- 55.9 0.5 

R 2.308 0.5 ----- ----- 1. 000 0. 001 

a 0 -10 a = lattice parameter in A (or x 10 m). 

bl ~ intensity = XlO- 3 count/ min of element. 

R = intensity ratio = I/ Ialloy base' 
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TABLE XIV. - XRD AND XRF DATA ON L-605 

(a) XRD data 

Exposure Exposure Sample Major phases Minor phases Trace 
temperature time, location 

of 
hr 

)( (a) (a) 

1800 1254 4 Scraped scale Spinel - -- --- - - --- ---- ---- -----

ao = 8. 23±O. 02 A, 
(Co, Ni)O 

a
o 

= 4. 248±O. 004 A 

100 Scraped scale Spinel -- -- --- ---- - ---- --- -----

ao = 8. 20±O. 02 A, 
(Co,Ni)O 

ao = 4. 240±O. 004 A 

600 Scraped 5 cale Spinel Cr20 3, CoW04 
-----

a
o 

= 8. 25±O. 02 A, 
(Co, Ni)O 

a
o

::: 4. 246±O.004 A 

2000 1366 4 Scraped scale Spinel CoW04 Cr20 3 
a

o 
= 8. 26±O. 02 A, 

(Co, Ni)O 

ao = 4. 242±O.004 A 

100 Scraped scale Spinel Cr20 3, (Co,Ni)O -----

ao = 8. 29±O. 02 A ao = 4. 249±O. 004 A 

600 Scraped scale Spinel (Co,Ni)O, COW04 Cr20 3 
ao = 8. 29±O. 02 A 

Spall CoW04, (Co, Ni)O ---- -------- -- ----- -----

a
o 

= 4. 249±0. 004 A 

(b) XRF data 

Exposure Exposw'e Sample Element characteristic radiation intensity 

temperature time. location 
hr (b) CrKO' Mn){1> FeKa CO){I> Ni.){a WLa MoKI> 

OF K 

1400 1033 4 No scale I 40.0 5.3 9.0 317.0 86.0 24.0 1.0 

R 0.126 0.017 0.028 1. 000 0.271 0.075 0.003 

1800 1254 4 In situ I 41. 0 9.8 10.0 342.0 57.0 11. 0 1.0 

R 0.120 0.029 0.029 1. 000 1. 167 0.032 0.003 

100 In situ I 59.0 19.0 11.0 342.0 56.0 12.0 1.0 

R 0.172 0.056 0.032 1. 000 0.164 0.035 0.003 

600 In situ I 74. 0 13.0 8.0 219.0 50.0 21. 0 1.0 

R O. 338 0.059 0.036 1. 000 0.228 0.096 0.005 

2000 1366 4 In situ I 75.0 15.0 10.0 330.0 73.0 15.0 1.0 

R 0.227 0.045 0.030 1. 000 0.221 0.045 0.003 

100 In situ I 77.0 30.0 6.9 190.0 38.0 9.5 1.0 

R 0.405 0.158 0.036 1. 000 0.200 0.050 0.005 

600 In Situ I 61. 0 3.3 4.9 145.0 40.0 30.0 1.0 

R 0.421 0.023 0.034 1. 000 0.276 0.207 0.007 

Spall I 22.0 4.8 4.8 142.0 33.5 10.0 1.0 

R 0. 155 0.034 0. 034 1. 000 0.236 0.070 -----

Scraped scale I 13.5 1.6 2.6 31. 0 7.7 10.0 -----

R 0.435 0.052 0.084 1.000 0.248 0.323 -----

aa = lattice parameter in A (or XlO- 10 m). 

~ ~ intensity = XIO-3 count/min of element. 

R = intensity ratio = I/Ialloy base' 

NASA-Langley, 1969 - 17 E -4519 

- - -- - _._-----
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