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AN INVESTIGATION OF INTERGRANULAR OXIDATION IN STAINLESS STEEL

INTRODUCTION

This research project has been undertaken under the sponsor- .
ship of Wright Air Development Center of the U.S. Air Force. Its
objectives are:

(a) to determine the effect of temperatures between 1600°
and 2000°F on intergranular oxidation,

(b) to examine the effects of alloy composition on inter-
granular oxidation,

(c) to determine the nature of the penetrating material
in areas of intergranular attack, and

(d) to devise methods of reducing or eliminating inter-
granular penetration.

MATERTAL

The materials used during this phase of the investigation were
chromel alloy (ARM, heats A and B), chromel alloy D, the type 310 stain-
less steels used in the previous years work (WADC TR 54-120), vacuum
melted type 510 stainless steel, and inconel. An analysis of these alloys
is given in Table I.

EQUIPMENT

The equipment used for the stressed oxidation is the same as
mentioned in the June, 1954, Progress Report, 2110-3-P.

A humidifying unit has been constructed (Fig. 1) and is at
present undergoing testing. By proper blending of dry air and humid air,
atmospheres over a wide range of dewpoints can be generated.
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Equipment has been constructed to measure the weight gained
during oxiaation (Fig. 2). The sample 2" x 1" is suspended from an erm
of an analytical chainomatic balance by a platinum wire and oxidized in
the furnace. Dried air (dewpoint <-40) is preheated over broken ceramic
in the bottom of the furnace and passed over the sample with a velocity of
30 ft/min.

PROCEDURE

Unstressed Oxidation

The unstressed oxidation procedure has been completely describ-
ed in last years final report (WADC TR 54-120).

Stressed Oxidation

The specimens are subJected to oxidation at varying temperature
and stress levels in the apparatus described in Progress Report 2110-3-P.
Both ends of the furnace are partially open and air reaches the specimen
by convection. The 2-inch test section of the specimen is subjected to
the same preparation and counting procedure as the unstressed specimens.

Weight Gain

The unit (Fig. 2) is loaded by suspending the sample from the
end of the platinum wire and lowering the suspension into the furnace.
The sample is weighed every hour during the first few hours of the test
and three times daily for the remainder of the test. After the weight
gain has been determined the samples are treated as unstressed oxidation
specimens and the penetravion data taken.

Electron Diffraction

In an effort to determine the nature of the intergranular com-
pounds, a technique was developed for examining the subsurface regions of
oxidized specimens by means of reflection electron diffraction, a method
well suited for the study of solid surface layers. The procedure which
was followed on previously oxidized specimens consisted of the following
steps:

(l) All the external scale possible Was removed by scraping,
without actually disturbing the metal surface itself.
The scale thus collected was powdered and analyzed by x=-ray
diffraction using the same technique described previously
(WADC TR 54-120).
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(2) Thickness measurements were made on the specimen at two
points on the surface. One of these points was later
to be subject to etching action while the other was
to be protected from etching by Scotch tape, and thus,
served as a reference standard for later thickness
measurements. These measurements were made on a Pratt
and Whitney supermicrometer accurate to 0.0001 inch.
The assumption was that the etching attack on the exposed
underside of the specimen was essentially uniform.

(3) An electron-diffraction pattern was made of the specimen
surtace, using an RCA Type EMD-2 electron diffraction
apparatus.

(4) Tne specimen was electrolytically etched for 15 to 30 sec.
in a mixture of 10 percent perchloric acid and 90 percent
glacial acetic acid at a temperature of 15° C and a
current density of 6 amp/in.é . This etching treatment
has the property of removing the metal without disturbing
the intergranular compounds.*

(5) An electron diffraction pattern was made of the exposed
compounds .

(6) The exposed compounds were brushed off the surface using
a rotary wire brush on a hand-power tool. The brush did
not damage the surface, and in addition, was much less
likely to cause contamination than was an abrasive compound.
The Scotch tape covering the unetched portion of the
specimen was then removed.

(7) Thickness measurements were made of the etched and un-
etched portions of the specimen as described in Step 2.
By appropriate subtractions, the amount of metal re-
moved in the etching operation could then be determined.
A fresh piece of Scotch tape was then applied to the
unetched portion of the surface and Steps 4 through T
were repeated as many times as necessary to reach the
depth in the specimen where diffraction patterns from
the intergranular compounds no longer appeared.

The electron diffraction procedure outlined above made it possible

to show any changes in the overall composition of the intergranular com-
pounds resulting from oxidation as a function of their depth below the

*

Brockway, L.O. and Bigelow, W.C., "Development of Procedure for the
Identification of Minor Phases in Heat Resistant Alloy by Electron
Diffraction", Annual Summary Report on Project 2020, Eng. Res. Inst.,
Univ. of Mich., to Flight Research Laboratory (WCRRL), WADC,

15 January 1953.
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metal-oxide interface. For this part of the program, six heats were se-
lected from the nine studied in the oxidation runs. These heats were:
type 309 plus Nb and type 310 heats 64177, 64270, X11306, X11338, and
X27258. The other three type 310 heats were similar in their penetration
characteristics to heat X27258 and the latter heat was taken as being
representative of them also. In the case of the type 309 plus Nb and
type 310 heats 64177, and 64270, specimens were studied following 100
hours oxidation at 1600°, 1700°, 1800°, and 1900°F. For the heats
X11306, X11338, and X27258, 2000°F specimens were studied in addition to
the other four temperatures.

In connection with the electron diffraction studies, it should
be mentioned that this method also has its limitations, although it is
capable of use with extremely small amounts of materials and is especially
useful for thin films. The smallest uncertainty in interplanar spacing
which can be expected using the reflection electron-diffraction technique
is about 2 percent. Since this uncertainty is of the same order as the
change in interplanar spacing between the diffraction patterns of Fe_O
and Cr_O_, and between spinels having low and high lattice parameters, the
electrdn®diffraction studies can do little more in the present case than
to indicate the presence or absence of the rhombohedral or cubic phases.

In evaluating the diffraction patterns obtained, the relative
proportions of spinel and rhombohedral phases shown in individual
patterns were indicated by specifying whether the patterns of specific
phases were strong (8), medium (M), weak (W), very weak (VW), or very,
very weak (VVW) (see Table II). In addition, a qualitative attempt was
made to show the diminution of diffracted intensity from intergranular
oxides on individual specimens accompanying successive etches by referring
intensities to those obtained in patterns taken prior to etching. It
must be borne in mind, however, that comparison of relative intensities
obtained in different exposures can be misleading, since many factors re-
lated to exposure and specimen surface preparation and alignment can
influence the intensity obtained in a given pattern and these factors
vary among exposures.

RESULTS AND DISCUSSION

Stressed Oxidation

To date, results have been obtained on the chromel alloy ARM
Heat A at temperatures of 1800, 1900, and 2000°F. The gtresses used are
a function of the temperature. The number of penebrations versus depth
at constant stress and temperature is given in Figs.l9 through 21. These
curves follow the general decay-type curvés observed in the unstressed
studies. Figures 22 through 27 show the variation in rumber ard mean
depth at constant temperature.
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The general trend is for the number of penetrations to remain
fairly constant with increasing stress until the elongation becomes
measureable, at which time the number of penetrations increases. The
number of penetrations increases with increasing stress and consequent
elongation until a discontinuity appears where the material begins to
tear due to the first stages of rupture. Figure 3 is a typical specimen
which exhibited fissures throughout the matrix. Some of the tears show
very little oxide, indicating that oxidation was not directly responsible.
An unidentified phase is present in the structure shown in Figs. 3 and k4.
This may be chromium nitride. An attempt will be made to identify this
in the near future. Since this phase is harder than the matrix it shows
up as a relief constituent on polishing and therefore an etch was not
required in this photomicrograph.

The mean depth of penetration is slighty lower when a low stress
is applied than for the unstressed condition shown in Figs. 25, 25, and 27.
Although this decrease in depth of penetration is slight, it is consistent
in all instances. However, there is a tendency for the mean depth of
penetration to increase with increasing stress which is accompanied by an
increase in elongation of the test specimens. Figures 11 and 12 show the
type penetrations developed in the chromel material at 2000°F and stresses
of 250 and 500 psi. The 250 psi stress is the lowest stress used, while
the stress of 500 psi represents a level which resulted in considerable
elongation and increase in penetration depth. The unstressed specimens
were run in dry air (Dp < 4O°F) and the stressed specimens in undried air
(DP > L40°F). The presence of more water vapor in the air flowing pass
the stressed specimens may have caused a slightly greater volume of
oxidation, which would result in a decrease in intergranular oxidation.

A vertical dotted line in Figs. 22 through 27 indicates the

stress level at which internal fissuring was first observed throughout
the specimen as shown in Figs. 3 and 4.

X~ray Results

X-ray diffraction patterns have been obtained on most of the
oxides and are in the process of interpretation.

Electron Diffraction

One of the objectives of this investigation was to attempt to
determine the nature of the intergranular material extending into the metal
from the scale layer. It was desired to find the composition of this ma-
terial and whether there were any significant differences between its com-
position and that of the external scale material. Just how this was to be
done experimentally was something of & problem, since the intergranular ma-
terial was well dispersed and extremely thin. The method ultimately adopted
was described in the Procedure section, and utilized reflection electron
diffraction following successive etching treatments. Using this technique,
it was possible to obtain data on the composition of the intergranular
material as a function of depth below the metal-oxide interface. The
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results obtained by this method are presented in Table II. Six heats of
material were selected for examination; type 309 plus Nb and type 310
heats 64177, 64270, X11306, X11338, and X27258. Specimens from the latter
three heats were examined at all temperatures of oxidation, while the
first three heats were examined only at the four lower temperatures.

The program was restricted to an oxidation time of 100 hours.

As was noted previously, the accuracy obtainable with the
reflection electron-diffraction technique is of the order of 1 or 2
percent error in interplanar spacing, the same order as the changes in
lattice parameters between Cr O and Fe O and between spinels having
the highest and lowest pos51bfe lattice parameters. Therefore, the phases
shown to be present in the electron diffraction patterns could be identi=-
fied only as "rhombohedral®™ or "spinel". Examples of these two patterns
are presented in Figs. 5 and 6, Identification was made on the basis of
the (220) spinel line and several rhombohedral lines, notably the (100),
(110), (120), and (200) lines. The appearance of the (100) line in the
electron diffraction patterns could be due either to oriented oxide growth
or to the fact that the low=-angle structure factor for electrons is
greater than for x-rays. The latter reason 1s the more likely, considering
the probable randomness of the surface=-metal grain orientations.

The electron=diffraction results showed that the same phases
exist in the grain boundary fissures as were found in the external scales.
In heats 64177 and 64270 the spinel phase was rarely observed. In the
other four heats both phases appeared, the spinel phase being especially
prominent in the type 309 plus Nb alloy with its high Mn content (see
Table I). The relative proportions of the phases in a given specimen
seemed to vary slightly with depth but the two patterns taken on each
specimen at the same depth often showed similar variations. As nearly as
can be determined, the intergranular material is identical to the material
found in the external scale and is in general simply an inward extension
of the external scale.

In order to be absolutely certain that the electron=-diffraction
patterns obtained were not from reaction products between the metal and
the etchant, a specimen was etched and allowed to dry without rinsing.
The resulting electron-diffraction pattern could be easily differentiated
from those associated with the two oxide phases obtained by the routine
process,

Figures 7 through 10 show the metallographic appearance of the
specimen surfaces following successive etching treatments. The photo=-
micrographs were taken using oblique light in order to show the oxides
in relief more clearly. These photomicrographs show that electrolytic
etching with 10 percent perchioric acid and 90 percent glacial acetic acid
left the intergranular oxide films intact and exposed. Figures T through
10 also illustrate something which was observed at the time etching was
carried out; namely, that the first etching usually attacked the metal
only at certain points where the path through the surface scale to the
metal was relatively open. Further etching undercut the scale layer ad-
Jacent to these points and in the subsequent brushing process new metal
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surface was exposed. Ultimately, the scale layer could be completely
removed by this process, but at the same time much of the deeper inter=-
granular material in the areas which etched initially was probably lost.
Furthermore, patterns taken while appreciable amounts of scale remained
on the surface probably are not representative of intergranular material
at all, since the scale would serve to block the intergranular material
from the electron beam. In some specimens no difficulty was encountered
with adhering scales and even the first patterns obtained are representa=-
tive of intergranular material.

It will be noted from Table II, when compared with the appro-
priate penetration versus depth curves, that the measured depths below
which no oxide patterns were obtained were sometimes very much less
than the maximum fissure depths observed metaltographically. In a few
cases apparent increases in thickness of the metal were observed on
etching., There are two alternative conclusions that can be drawn from
these facts; either the thickness measurements as made on the super=-
micrometer were not as reliable as they were believed to be, or the
number of intergranular oxide areas in relief at the deeper levels was
not sufficient to give an electron-diffraction pattern. Considering the
apparent thickness increases on some specimens and the sensitivity of the
electron«diffraction technique, the probability is that the measurements
were not representative. Since the surfaces often became rather rough as
a result of the etching treatment, it was difficult to devise a suitable
means of making thickness measurements which would be accurate to 0.0001
inch and at the same time would be representative of the surface as a
whole.

Unstressed Oxidation

Chromel alloys (ARM heat A and B) and D were tested at 1600,
1700, 1800, 1900, and 2000°F in the unstressed condition, The air
velocity was 30 ft/min. and dewpoint less than minus 40°F. Figures 28
through 30 indicate the number of penetrations at various depths at
constant temperature. These curves follow the general decay-type curve
described in WADC.TR 54=120. The number of penetrations per inch of
sample (Fig. 31) is roughly the same as that obtained in the commercial
heats of 310 alloy. The mean depth of these fissures in the chromel ARM
alloys (Fig. 32) is approximately equal to the depth obtained in the best
cammercial 310 alloy. The chromel D alloy shows a lesser mean depth of
penetration than the best commerical 310 alloy, being on a par with inconel.

It was found in the previous year's work that little variation
in intergranular penetration was encountered with variations in time from
10 to 100 hours. A 500-hour test was performed on inconel, type 310
(heat X27258), and chromel ARM heat A to determine the effect of a five-
fold increase in time over the longest previous run. Figure 3% indicates
the variation in number of penetrations at various depth at constant
temperature. Since some of the numbers encountered are sbove the magnitudes
of the figures in the graph, Table III lists the number of penetrations
at various depths, mean depth, and total number of penetrations of the
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above materials. The same data are given for the 100~and 500-hour test.

It can be seen from Table III that the 500-hour treatment on the
chromel material results in a much greater number of penetrations and a
greater mean depth than the 100-hour treatment. Figures 13 through 18
show the microstructure of the intergranular penetration on the 10C-and
500~hour tests. In general, the 500-hour treatment on the chromel ARM
heat A material resulted in a much thicker scale layer and in wider pene-
trations than was oberved for the 100-hour test. This increased thickness
of the fissures is probably due to lateral volume oxidation from the already
present intergranular penetration. The 500-hour treatment alsc forms a
much deeper and more continuous penetration.

The greater number of penetrations in the 500-hour test is
probably due to the fact that some very slight penetrations in the 100=hour
test may be considered surface imperfections and therefore not counted
as intergranular oxidation penetration. However, after a 500=hour ex-
posure these slight penetrations are deep enough to remove any doubt that
they are penetrations. Table IIT also shows that longer time results in
a fewer number of smaller penetrations. This is probably a result of the
initial entries progressing to the medium depths. Heat X27258 (Fig. 33)
of the type 310 alloy acts similarly to the chromel alloy Jjust described;
however, there is not as much thickening of the penetrations. The inconel
alloy acts differently with respect to depth as can be seen from Table III
and Fig. 33. The mean depth of the penetration is not altered appreciably,
although the number has increased.

More metallographic work corroborated with proposed weight-gain
experiments should help in further explanation of this time variation of
intergranular penetration.
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TABLE III

PENETRATION DISTRIBUTION

— ENGINEERING RESEARCH INSTITUTE - UNIVERSITY OF MICHIGAN —

Penetration Depth in 0.001 inch

*The numbers in these

Alloy and Time Run 0 0.64 1.28 1.92 2.56 3.2  3.74 |Total Mean Depth
Heat No. in No.| to to to to to to wp | No. in 0.001"
Hrs 0.64 1.28 1.92 2.56 3.2 3.7k

Chromel ARM 100 34 1049* 434 24.8 1.8 1510 0.52k
Heat A

Chromel ARM 500 36 438 1342 473 127 k41 16 3.5 24ho 1.078
Hesat A

Type 310 100 16 510 418 27 1015 0.623
X27258

Type 310 500 36 673 951 261 99 45 18 2047  0.948
X27258

Inconel 100 30C 896 247 T.1 T 1150 0.463

Inconel 500 36 1642 348 49 2046  0.46k4

columns represent number of peﬁetrations per inch.
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Fig. 3. Prerupture fissure and X-phase Fig. 4. Prerupture fissures and X-phase

particles. Chromel ARM alloy. Heat particles. Chromel ARM alloy. Heat

A. 1800°F, 100 hours. Stress - 2000 A. 1800°F, 100 hours. Stress - 2000
psi. B50X. Cross section, unetched, psi. T750X. Cross section, unetched,
oblique light. oblique light.

Fig. 5. Typlcal electron diffraction Fig. 6. Typical electron diffraction
pattern of rhombohedral phase. pattern of spinel phase. Some '
rhombohedral phase also present.



Fig. 7. Metallographic appearance of
typical oxidized specimen surface.
Unetched. 250X, oblique light.

Fig. 8. Metallographic appearance of

typical oxidized specimen surface
after 4 min. Electrolytically etch
in 90% glacial acetic acid - 10%
perchloric acid. Removed 0,0004 1in,
250X. Oblique light.

Fig. 9. Metallographic appearance of
typical oxidized specimen surface
after 10 min. Electrolytically
etch in 90% glacial acetic acid -
10% perchloric acid. Removed
0.0004 in. 250X. Oblique light.

Fig. 10. Metallographic appearance of

typical oxidized specimen surface
after 12 min. Electrolytically
etch in 90% glacial acetic acid -
10% perchloric acid. Removed
0.0011 in. 250X. Oblique light.



Fig. 11. Chromel ARM alloy. Heat A. Fig. 12. Chromel ARM alloy. Heat A.

1900°F, 100 hours. Stress - 250 psi. 1900°F, 100 hours. Stress - 500 psi.
750X. Cross section, unetched. T50X. Cross section, unetched.
- .b

Fig. 13. Inconel alloy. 1900°F, 100 Fig. 14, 1Inconel alloy, 1900°F, 500
hours. Air velocity - 30 ft/min. hours. Air velocity - 30 ft/min.
750X. Cross section, unetched. 750X, - Cross section, unetched.



Fig. 15. Chromel ARM alloy. Heat A,
Air velocity -
Cross section,

1900°F, 100 hours.

30 ft/min.
unetched.

T5CX.

Fig. 17. Type 310 alloy. Heat X27258.

1900°F, 100 hours.

30 ft/min.
unetched.

T5CX.

Air velocity -
Cross section,

Fig. 16. Chromel ARM alloy. Heat A,
1900°F, 500 hours. Air velocity -
30 ft/min. T750X. Cross section,
unetched.

Fig. 18. Type 310 alloy. Heat X27258.
1900°F, 500 hours. Air velocity -
30 ft/min. T50X. Cross section,
unetched.
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