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The effort reported herein is a part of a program to develop concepts

of aircraft maintenance, inspection, and diagnostic equipment suitable
for field application. The report presents the results of the evaluation
of an inductive sensing device as a candidate concept for detecting im-
pending fatigue failure in metallic materials utilized in the production
of Army aircraft.
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ABSTRACT

This program is concerned with the evaluation and development of a
sensing system to detect surface and near-surface flaws in material, spe-
cifically to detect early fatigue damage. The system shows great promise
in that a signal is detected at a significant time before failure, and the
amplitude of the signal increases with further damage. Samples have been
fatigue-cycled up to 5 x 10 cycles, and signals have been cbserved as
early as 387 of fatigue life, average results showing sigrials between 70
and 80%. These studies have been performed using aluminum, steel, and
Inconel, and the results show essentially the same senegitivity of these
materials. Intensive metallographic and microanalytic studies have been
performed in order to define the particular phenomenon responsible for the
signal. Microcracks have definitely proved to be responsible for the
signal, and thus the sensitivity of the system has been evaluated.
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SECTION 1

INTRODUCTION

1.1  GENERAL

Much effort has been applied in recent years to the prevention of
failure in operating systems. Failure in mechanical systems is directly
attributable, in many cases, to metal fatigue, a result of repetitive
loading of the structure. In order to prevent failures arising from
fatigue damage in structures, it is necessary to inspect these structures
for evidence of fatigue damage and to repair or replace them as may be
required. The process of inspection for fatigue damage has been the sub-
ject of intensive investigation. With the advent of larger and more
sophisticated mechanical systems, where failure may become catastrophic,
great emphasis has been placed on the development of reliable, non-
destrictive inspection methods for detecting fatigue damage and impending
failure,

Methods have been devised that take advantage of many physical
phenomena: penetration of tracers into discontinuities in surfaces
(penetrant techniques), location of inhomogeneities and discontinuities in
bulk material (ultrasonic techniques), and variations in electrical, mag-
netic, or electromagnetic characteristics of materials, to name a few.

All of these methods have met with some success in laboratory use; however,
not all of these methods may be efficiently applied under conditions nor-
mally encountered in the field or repair shop. Demands on the availabil-
ity and reliability of modern aircraft provide strong incentives for
accurate and early detection of impending failures of critical parts and
components. This is particularly true of those parts that are prone to
fatigue failure, since they normally operate for extended periods before
failing without warning and often catastrophically. Early detection will
prevent this and will provide a rational critericn for maintenance. It is
to this problem, the investigation to determine the feasibility of detect-
ing impending fatigue failure in me:als by use of an inductive detection
system, that the present effort has been directed.

1.2 PURPOSE OF INVESTIGATION

The objective of this program was to evaluate an inductive detection
system for its abilities to detect fatigue damage. Fatigue-prone com-
ponents include elements of the airframe, power trains, and engines. Such
elements as wing spars, gears, compressor and turbine blades and disks,
struts, shafts, and bearings are good examples. Consequently, certain
classes of materials are involved; namely, nonferrous alloys (such as
aluminum, magnesium, and titanium), heat-treatable steels (52100, A286,
and 4340), stainless steel {316 and 410), and high-temperature alloys
(chrome-nickel, M151, and cobalt-base alloys). Thus, the evaluation of
the system has included a series of identical tests using three different
materials in order to replicate, as closely as possible, the range of




materials commonly encountered. As preliminary experiments had indicated
and testing has shown (as will be seen in the results), the inductive
system is able to detect fatigue damage at an early stage in all three
materials with approximately equivalent signal amplitudes.

In addition to the requirement that the inspection system be capable
of fatigue-damage detection among many materials, other questions must be
taken into consideration during the feasibility study; for example,
reliability of results across many samples (both false-positive and false-
negative), correlation (if possible) of signal characteristics with size
of damaged area, smallest size of flaw or crack seen, and effect of
environmental factors. Ultimately, the question to be answered relates to
the probability of successful development of a field-portable instrument
that will simply and reliably determine the extent, if any, of fatigue
damage.

1,3 THEQRY OF OPERATION

The inductive sensing system used in the performance of this work
consists of a probe, oscillator, bridge circuit and detector. The probe
consists of a '"U" shaped core constructed of sof: iron wire wound on one
leg. This 'U" is arranged such that the probe is axially symmetric about
the wound leg. A second equivalent core-coil combination is placed behind
the first one to provide temperature compensation. These two coils are
then connected in a half-bridge configuration into the A.C. bridge circuit,
The signal from the bridge is fed to a synchronous detector and filter
vhose output is a D.C. signal corresponding to bridge unbalance. The
probe is positioned so that the sample material forms the flux path be-
tween the legs of the '"U". The bridge is initially balanced, and the
probe is then scanned over the sample. Since the system is a reluctance
device, length of flux path causes a bridge unbalance wa well as a change
in the effective permeability. For this reason the standoff distance must
be maintained at a constant value, which was done in our work by placing
shim material between the probe and the sample. The remaining reason for
bridge unbalance then relates to the local characteristics of the material
being examined. As the probe is scanned along a surface a relatively con-
stait output signal is obtained until a flaw appears within the sensitive
are. of the probe. At that point the bridge becomes unbalanced, this
being shown as a change in the D.C. output signal.

The recorder traces presented here are the changes in D.C. output as
the probe is scanned along the sample.

1.4 SCOPE OF INVESTIGATION

This program has encompasses approximately a one-and-one-half-man-
year effort, performed primarily at Mechanical Technology Incorporated,
and has included both fatigue testing and microanalytic work.

Vibratory beam fatigue tests were conducted on six samples at each
of three stress levels. Samples were fabricated of 6061-T6 aluminum, 9310
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steel, and Inconel X. The samples were periodically scanned and examined;
the results will be presented.

Roll tests were conducted on a total of 12 samples at different
stress levels. These samples were fabricated of 8620-H steel, The sam-
ples were periodically scanned and examined. The results of this exam-
ination will be presented.

Vibratory beam tests were run on four specially prepared samples of
each of the three materials. Inductive scans and acetate replicas were
taken on both sides periodically during the tests. The replicas were
shadowed and examined by electron microscopy. The scans and photographs
are presented in Section 3.

Vibratory beam tests were run on four specially prepared samples of
each of the three materials; however, the tests were terminated at the
first appearance of a signal from the inductive sensing system. These
samples were subsequently sectioned, mounted, and examined by scanning
electron microscopy. The photographs and scans are presented in Section
3.

One sample of each material of task 4 was examined using an electron
microprobe, providing a point-by-point elemental analysis of the area of
interest. These photographs also appear in Section 3.



SECTION 2

EXPERIMENTAL METHODS

2.1 MATERIALS AND SAMPLE PREPARATION

All of the work performed under this contract was concerned with
four materials (6061-T6 Aluminum, 9310 Steel, Inconel X, 8620-H Steel).
Three of these materials were selected for their frequency of application
in helicopter and other airframe construction; the fourth material is one
commonly used for gears.

The samples, as shown in Figures la, 1b, and lc, were fabricated from
these materials. Figures la and 1b were used for vibratory beam testing,
and Figure lc was used for geared-roller testing. Since the motivation
for the fatigue testing was to produce fatjigue damage (i.e., cracking) in
a controlled fashion, a 1/4-inch by 1/2-inch by 5-inch sample, with stress-
raiser, was used. At the beginning of testing, the configuration shown in
Figure la was run, and the inductive probe was scanned along the radius.
The radius, which was intended to force the location of the fatigue crack,
was not small enough. For this reason, a number of runs resulted in a
fatigue failure initiating outside the scanned area. This suggested a
change in sample configuration to the one shown in Figure 1lb, wherein a
simple notched beam provides a sufficient stress-raiser for reliable
results. The samples for Section 1.4 (1) were run, as machined, with no
special surface preparation; samples of the same configuration for Section
1.4 (3), Section 1.4 (4), and Section 1.4 (5) were electropolished after
fabrication, providing a smooth, polished surface to insure clarity of
acetate replicas and scanning electron micrographs of high quality.

The roll test samples were fabricated of 8620-H steel and sub-
sequently hardened and ground to a 1.000-inch roll diameter. No special
precautions were taken to present a polished surface.

f

2.2 TEST SETUP

2,2,1 Vibratory Beam Machines

A photograph of the vibratory beam fatigue machine is shown
in Figure 2, Two of these machines were used in order to facilitate the
running of the tests, since the tests required constant monitoring. The
dial gagr was used curing initial setup to measure deflection and to in-
sure a t(tally reversing stress. An optical sensor was used to measure
the actual motion at speed. The difference between the two measurements,
vhich amounted to .002 inch, was then taken into consideration. Therefore,
the deflections quoted in the data are actual deflactions under dynamic
conditions. The machines, which run at a nominal speed of 3450 cycles per
minute, were provided with a speed control which allows a small variation
in cycle rate to avoid damaging resonances. The total number of cycles
was recorded electronically.



The sample was firmly clamped in the vise, the upper rod was
clamped to the sample, and the system was adjusted to provide the desired
positive and negative deflection. The sample was scanned (and replicated
for task (3) of Section 1.4), and the test was started. During the
initial phases of testing, many inductive scans were taken prior to the
first acquisiticn of a signal; however, with experience, the number of
readings prior to signal could be reduced without losing any information.
After the first appearance of the signal, readings were taken periodically
until failure occurred, which we have defined as fracture.

2y2e2 Geared-Roller Test Machine

A photograph of the geared-roller test machine is shown in
Figure 3. This machine provides a practical means of studying many of
the problems associated with contact pressures which involve rolling or
rolling combined with sliding such as occurs on gears, bearings, and cams.
The test rig consists of two test rollers mounted on parallel horizontal
shafts, as shown schematically in Figure 4. The upper shaft is secured
in a frame, which is hinged at one end to the base; the base holds the
lower shaft. This forms a 'nutcracker' type of mechanism. The 3-inch-
center distance between the shafts is maintained by the rollers. The
shafts themselves are supported on roller bearings.

Load is applied to the free end of the upper frame through a
lever arrangement, which is actuated by a pneumatic roto-chamber. Loads
from 66 to 8000 pounds can be applied to the rollers. The actual load is
determined with a calibrated, strain-gaged load rod and is monitored '
during the test by a pressure gage. The lower shaft is coupled to a 10-
horsepower motor. The upper shaft is driven by the lower shaft through a
set of phasing gears. These phasing gears can be changed to provide
various percentages of relative slip between the roll surfaces, thus
simulating the degree of slip that is normally enccuntered in gears.

A photograph of the sample is shown as Figure 5. The area
of rolling contact is the 1.00-inch-diameter section in the center of the
sample. A 5,00-inch-diameter crowned roller on the upper shaft bears
against the sample, producing an extremely high Hertzian stress. Loads
were selected to provide varying times to failure.

An inductive scan was taken prior to the test and, sub-
sequently, during the test until failure occurred, which was defined as a
significant pit in the surface.

2.3  MICROANALYTIC TECHNIQUES

Four methods of microanalysis were applied in order to determine the
sensitivity and applicability of the inductive detection system. In an
attempt to correlate the results of our examination with other methods, a
number of attempts were made to examine a signal-bearing sample with Zyglo,
a fluorescent-dye penetrant; see Figure 6. Figures 6¢c and 6d are photo-
graphs of two Inconel X specimens. Figures 6e and 6f show the results of



an inductive scan, and Figures 6a and 6b show heavily filtered photographs
of the Zyglo test. Figure 6b shows no indication of dye penetration,
while Figure 6a shows two dots (plus one dust particle) in the area where
the crack would be expected.

Since this was the only one of several such investigations that
showed any evidence at all of Zyglo penetration, it is shown here. This
technique obviously did not provide the required correlation between
signal and visible damage.

A number of preliminary tests were run at the beginning of the pro-
gram while test parameters were being finalized. In these investigations,
samples were cycled until a signal appeared; at that point, the surface
was polished and/or etched and examined under a microscope. These inves-
tigations showed no perceptible cracks while showing evidence of working
of the surface. These tests also were destructive in that 1t was necessary
to polish and etch the samples in order to see surface flaws clearly ac
high magnifications. For this reason, a significant effort was expended
later in the program to replicate specimen surfaces and to examine these
replicas with standard high-magnification techniques.

2.3.1 Electron Microscopy

The specially prepared specimens (electropolished) were
scanned as in the other tasks of the program; however, in addition to the
scanning, they were replicated using the following technique. A specially
fabricated, .005-inch-thick acetate replicating tape was cut to approx-
imate size, and one surface was saturated with pure acetone. The acetate
film softened, and the soft surface was pressed against the specimen. The
film was allowed to dry in place; when it was peeled off, it contained a
topographic negative of the specimen surface. The replica was then
mounted and placed in a vacuum chamber, where a thin layer of chromium
was deposited on it. A heavier layer of carbon followed. At this point,
the replica was removed from the chamber and was sectioned into approx-
imate, 3-millimeter circles. The acetate film was dissolved away in
acetone, leaving 3-millimeter-diameter topographic positive of the original
sample, which was then examined by electron microscopy.

This method provided a nondestructiv2, noninvasive technique
for high-magnification examination of the specimen surface. Replicas were
taken at intervals during the testing and provided high-quality visual
evidence of the progress of fatigue damage.

2.3.2 Scanning Electron Microscopy

 The specially prepared samples (electropolished) were run as
in the rest of the program; however, at the first appearance of a signal,
the run was terminated and the sample was sectioned in order to fit it
into the specimen chamber of the scanning electron microscope.

Scanning electron microscopy (SEM) enables the analyst to

6
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examine directly the surface of interest without the need for the rep-
lication process (as described in 2.3.1) required for transmission elec-
tron microscopy. Probably the most striking advantage of SEM is the
extremely large depth of focus, which ranges up to 300 times that avail-
able by optical microscopy, thereby generating a "three-dimensional'
effect in the photographs. The magnification in SEM is generated wi thout
the use of lenses as used in conventional electron microscopy; i.e., the
size of the scan and this the magnification of the image are controlled
by the deflection of the electron beam. The electron beam impinges upon
the sample and causes both emission of secondary electrons and back-
scattered electrons. These are detected, amplified, and displayed on a
Cathode Ray Tube, from which the photographs are taken. '

2.23..8 Electron Microprobe Analysis

As an exploratory effort, one sample of each of the three
materials from the specially prepared group was examined by an electron
microprobe.

The electron microprobe generates a focused beam of elec-
trons which is accelerated through a field of 5-50 KV. This beam is
scanned in a raster across the surface of the sample, and a number of
analysis methods are available. The sample may be imaged by measuring
and amplifying the current through the specimen due to the beam (specimen
current mode), thus generating a picture of surface conductivity. The
mode of operation that is of most interest to the present work in the
spectrometer. In this mode the X-rays emitted by the sample under elec-
tron bombardment are examined by X-ray spectrometers, which wiil detect
emissions from various elements present. A point-by-point elemental
analysis is performed, generating images taken in different elements. The
photographs, which show concentrations of contaminants near the fatigue
crack, are shown in Section 3,
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SECTION 3

RESULTS

sl PRELIMINAKY EXPERIMENTATION

In preparation for the high-cycle fatigue tests to be run as the
main body of testing, a few preliminary, low-cycle fatigue tests were per-
formed using readily available cold-rolled steel for the sample material.

One sample was prepared from the above material using the config-
uration shown in Figure 7. Dimension a is nominally .375-inch, b is .750-
inch, ¢ is .090-inch, and d is .037-inch. The top face of the sample was
prepared by polishing to provide a smooth, flat surface for scanning with
the inductive probe. The notch was cut with an abrasive wheel before
polishing.

The history of the sample from original condition to failure (which
occurred at 11 cycles) is recorded in Figure 8. Figure 8a shows a scan
along the length of the sample (perpendicular to the notch), taken along
the top surface. The arrow, as in the other traces, indicates the approx-
imate location of the notch. This arrow is necessary since the scan is
performed manually, and the spacing of signals is not perfectly uniform.

Figure 8b shows the effect of one cycle upon the probe signal. One
cycle consists of bending the two ends of the sample (see Figure 7) up to
a total angle of 10 degrees and subsequently bending the ends back down to
maintain flatness of the top surface. Figure 8 shows a definite growth
of the signal over the notch.

Figure 8d shows the size of the signal after three fatigue cycles.
Visual examination of the top surface showed no discernible cracks.
Microscopic examination showed distressed metal but no long, continuous
cracks.

Figure 8e shows the signal after four cycles of the specimen. A
crack was not visible to the unaided eye.

Figures 8f and 8g show essentially the same signal as Figure 8e. The
specimen failed during the eleventh cycle. The width of the signals, as
mentioned above, is a function of the speed with which the probe is scanned
over the sample. Since the probe is scanned by i:and, the width may vary.

For another preliminary run, a sample was cut from cold-rolled
steel to the following dimensions: a, .315-inch; b, .750-inch; ¢, .050-
inch; and d, .036-inch. The top surface was polished as before.

Figure 9a shows a scan along the length of the sample before any
fatigue cycling took place. Again, there is a slight signal over the
region of the notch.



Figure 9b, after one cycle, shows a definite increase of a signal.
For this sample, the cycle included bending the two ends of the sample up
to a 5-degree-total angle (half of the angle used previously). Figure 9c
shows the signal after the specimen had been subjected to three cycles.
At this point, the test was stopped and a Tally-Surf measurement was
taken. This measurement is shown in Figure 9d.

The points m and n in Figure 9d show the approximate locations of
the edges of the notch. The rolloff to the left of m apparently shows a
deviation from flatness on the order of .0002 inch. Most important, how-
ever, 1s the smoothness of the trace above the notch, proving that flawed
material above the notch was neither protruding above nor indented below
. the surface, thereby causing an erroneous signal,

To further investigate the condition of the material above the notch,
the sample was lapped and etched for metallographic examination.

Figure 10a shows a top view of the sample. At this point it has
been subjected to three cycles, the inductive trace of which is shown in
Figure 9c. The notched area is faintly visible in Figure 10a, due un-
doubtedly to the worked metal at the top surface. No cracks are seen here
nor at the root of the notch in Figure 10b. Figure 10c shows a photo-
micrograph of the notches area at 100-power magnification, and there are
no cracks visible. The lines seen are the coarse polishing marks, which
can be seen also in Figure 10a.

Figure 10d shows the notched area after a polishing operation which
consisted of grinding with 280-, 320-, and 600-grit silicon-carbide paper,
followed by a fine polish using 3y and 0.5y powdered alumina. Approximate-
ly .005-inch of material was removed in the polishing operation. Figure
10e shows a photomicrograph of the same area over the notch after etching
with a 2% Nital solution. A normal ferritic structure, consisting of
ferrite (white regions) and perality (dark regiocns), is visible. Figure
10f shows the same area at a higher magnification. Figure 10g shows a top
view of the sample after polishing and etching.

At this point, the surface was lightly polished and the sample was
subjected to one more cycle, Figure 10h shows the area above the notch,
and Figure 101 shows the area away from the notch. The mottling of the
surface above the notch indicates that the material had been worked,
Figures 10 j through 10m show the notched area and unnotched area at 100-
power and 300-power magnification after a 27 Nital etch. The two areas
show essentially the same structure with a slightly preferential attack
by the etchant on the worked surface.

{ Figure 10n shows the inductive scan of the surface after the polish-
i ing operation and after the one additional cycle, but prior to etching.
The signal is unmistakable.

e



3.2 VIBRATORY BEAM TESTS

3.2.1  6061-T6 Aluminum

Eighteen samples were fabricated, prepared (as described
previously), and tested using the methods outlined in Section 2.2.1. De-
flections for the three stress levels were set at + .040, + .050, and
+ .055 inch. The cycles to failure averaged 1.4 x 106, .7 x 106, and
43 x 106, regpectively. The bar graph shown in Figure 11 presents the
results of all 18 aluminum samples. The top of the black portion of a bar
indicates the number of cycles at which a signal appeared. The top of the
clear portion indicates the number of cycles at which failure occurred.
The ordinate is calibrated in number of cycles, while the abscissa shows
test number. The number at each bar indicates the percentage of life at
which the signal appeared.

Because scanning was performed periodically during the test,
the crack had developed considerably by the time the first scan was taken.
This implies that the signal could have been observed at an earlier period
had a reading been taken then and that a lower percentage would have been
indicated. A correction has not been applied; thus, the asterisk in-
dicates that the given percentage figure is conservative.

The average percentage for the + .040-inch deflection is
76.77 (with three asterisks); for the + .050-inch, 74.5% (three asterisks);
and for the + .055-inch, 64.0% (two asterisks). The average percentage
across all 18 samples is 71.7%, which, when taking the conservative treat-
ment of data into account, would indicate a figure of below 707% of time
to failure at which the signal appeared. The earliest signal appeared at
37% of life (sample 14), while the latest indication of 917 showed a very
large signal amplitude at that point; hence, it is reasonable to assume
that acquisition of signal should have been much earlier.

The full tapes for sample 17 (+ .055-inch deflection) are
presented as being a representative run (Figures 12a through 12p).
Figires 12a and 12b show a scan prior to testing. Figure 12e (front,
240,000 cycles) shows an extremely small amplitude signal which is mar-
ginal; however, based on our experience, it shows the proper configuration.
We have not called this a firm signal for purposes of calculating the per-
centage of life; however, the reading happened to be taken at the most
propitious time. In Figure 12g, taken 60,000 cycles later, the signal on
the front had grown considerably. At 462,000 cycles (Figure 12k) the
signal had grown and a crack had become visible. At this point, the back
of the sample had been deformed; by 540,000 cycles, a crack had developed
in the back of the sample as well. The sample broke at 562,000 cycles.

The full tapes for sample 6 are also presented (Figures 13a
through 131, + .050-inch deflection). Test of this sample shows a char-
acteristic that was seen a number of times during the program. Figures
13a and 13b show pretest readings; Figures 13c and 13d show a large signal
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on the front and a smaller signal on the back, indicating cracks on both
sides. The signal grew in amplitude in an alternate fashion between front
and back until at 760,000 cycles the front surface was badly deformed
around the crack, as in the back, while the crack signal was extremely
large. Two thousand cycles later, the sample failed.

It was mentioned earlier that the signal in Figure l2e was
marginal but of the correct configuration, based on an experience factor.
It can be seen in Figures 12e, 12g, and 121 that the signal consists of a
downward peak surrounded by two peaks in the opposite direction. Signal
amplitudes were measured from the base-line; however, the two satellite
peaks still generated considerable interest. These satellite peaks were
consistently seen on the aluminum samples and to a much lesser degree on
the Inconel. On the steel they were not seen at all. It was suspected
that the satellite peaks were due to worked, extruded material around the
crack because of the higher ductilities of aluminum and Inconel. This
hypothesis was confirmed after the scanning electron micrographs were
examined. Both the aluminum and Inconel samples show torn, extruded
material at the edges of the crack, while the micrographs of the steel do
not show this.

Figure 14 shows the growth of the signal with life for all
18 aluminum samples. The curves show the increase in signal amplitude (in
scale divisions) as the ordinate and the number of cycles as the abscissa.
Samples 1-6 were run at + .050-inch deflection, 7-12 were rur at + .040-
inch deflection, and 13-18 were run at + .055-inch deflection. It is
evident that signal amplitude correlates well with fatigue life history.
Sample 2 obviously needed more readings.

3,2,2 Inconel X

Eighteen samples were fabricated, prepared, and run as de-
scribed previously. Deflections for the three levels were set at + .090
inch, + .100 jnch and + .130_inch. The cycles to failure averaged 1.4 x
108, .94 x 10°, and .33 x 10°, respectively. The bar graph shown in Figure
15 presents the results of all 18 Inconel samples. The legend for the
graph has been presented in Section 3.2.1.

&
®

The average percentage for the + .090-inch deflection is
83.0% (one asterisk); for the + .100-inch deflection, 78.8%; and for the
+ .130-inch deflection, 77.7%. The overall average percentage of life at
time of signal is 79.6%. The earliest signal appeared at 67% of life
(sample 32), while the latest indication of 93% showed a very large amp-

litude signal at that point, indicating that the percentage figure could
have been lower.

It is significant to note that, while the test results for
aluminum show a wide variation Jn life for a given deflection along with
a fairly wide variation in percentage of life at the time of signal, the
Inconel demonstrates a much tighter clustering of lives for a particular
deflection and a relatively small variation in life at the time of signal.
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Figure 16 shows the growth of signal with life for all 18
Inconel X samples. As for the aluminum samples, the signal amplitude
correlates well with fatigue life history.

The full tapes for sample 26 (+ .100-inch deflection) are
presented as béing a representative run (Figures 17a through 171).
Figures 17a and 17b show a scan prior to testing. Figure 17c shows a
small but definite signal on the front. The signal increased in amplitude
until 1,128,000 cycles (Figure 17i), when the crack became visible; it
further increased until at 1,184,000 cycles the sample failed.

Figures 18a through 18j show a full run of tapes for sample
35 (& .130-inch deflection). Again, an extremely small but unmistakable
signal appeared (Figure 18c) and increased in amplitude until at 6,000
cycles after Figure 18i when the sample failed.

3.2.3 9310 Steel

Eighteen samples were fabricated, prepared, and run as de-
scribed previously.,

Deflections for the three stress levels were set at + .070
ingh, + .080 inch and + .085 inch. The cycles to failure averaged 1.24 x
10, .46 x 107, and .32 x 106, respectively. The bar graph shown in
Figure 19 presents the results of all eighteen, 9310-steel samples. The
legend for the graph has been presented in Section 3.2.1.

The average percentage for the + .070-inch deflection is
90.0% (two asterisks); for the + .075-inch defiection, 76.2% (one aster-
isk); and for the + .085-inch deflection, 78.3% (three asterisks). The
overall average percentage of life at the time of the signal is 81.57%.
The earliest signal appeared at 58%, while the latest indication of 987
showed a very large amplitude signal at that point, indicating that the
percentage figure could have been lower; actually, all tests that show 2
percentage figure greater than 90 are marked with an asterisk.

Figure 20 shows the growth of the signal with life for all
eiglteen, 9310-steel samples. As for the aluminum and Inconel samples,
the signal amplitude correlates well with the fatigue-life history.

The full tapes for sample 37 (+ .070-inch deflection) are
presented in Figures 2la through 2lv. The signal appears in Figure 2lc
at 900,00) cycles and clearly shows a steady increase in amplitude until
failure, "/hich occurred at 1,032,000 cycles.

The full tapes for sample 51 (+ .075-inch deflection) are
presented in Figures 22a through 22p. The signal appears at 350,000
cycles (Figure 22c) and increases until at 410,000 cycles (Figure 22j) a
signal appears on the back. Both signals increase until the sample fails
at 456,000 cycles.

Tz g
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3.3  ROLl TESTS

Twelve samples were prepared from 8620-H steel for the roll tests.
The samples were heat-treated to a hardness of RC-63 with a case depth of
.073 inch. In order to produce surface-fatigue damage, the samples were
run in contact with a crowned roller with & maximum Hertz compressive
stress of up to 450. According to published S/N curves and MII experience
with this type of procedure, failure, as evidenced by the fgrmation of a
characteristic pit, should occur between 2 x 10° and 5 x 10 cycleg. The
fatigue lives for the roll tests fall within the range of 4.3 x 10” to
7.8 x 10° cycles. The fatigue lives for the roll tests fall within the
range of 4.3 x 10° to 7.8 x 108 cycles. Some difficulty was encountered
in the selection of particular stress levels to produce failure at a given
number of cycles; however, this difficulty is in good agreement with pub-
lished S/N data for these tests and is not surprising. Since the motiva-
tion for fatigue testing was to initiate fatigue damage for evaluatior of
the inductive sensor system, the uncertainty of actual S/N data was of
little consequence,

eV SR

The tapes from two sample runs are presented in Figures 23 and 24,
Figure 23 shows tapes from the roll test for sample 10. The baseline re-
mained quite smooth and regular through 12 readings to 585,000 cycles.
At 596,000 cycles, a change occurred in the character of the noise from
the machine; the scan was taken. Visual examination disclosed a small pit,
which has been defined as evidence of failure. ;

Figure 24 shows the tapes from sample 9. Again, the baseline was
smocth until the reading at 532,000 cycles, at which point a small, re-
peated (due to the shaft rotation) signal appeared. Approximately 3,000
cycles later, a large pit developed in the sample. A photograph of a
sample showing a typical large pit of the characteristic triangular shape
is shown as Figure 25,

Sample 9 was subsequently sectioned, mounted, and polished for
metallographic examination. Photographs of this sample are presented as
Figure 26. The cracks seen in Figures 26a and 26b are characteristic of
rolling contact fatigue damage, in that the cracks propagate essentially
parallel to the surface.

From the results presented here, it is believed that the use of the
inductive detection system is not of significant value in the detection of
rolling contact fatigue damage as produced in these experiments. This is
probably true because of the differenc» in manner and direction of crack
propagation in the sample. Where early detection was possible on beam
specimens as the cracks propagated normal to the surface, very late
detection was evident on the roll specimens as the cracks propagated
parallel to the surface. It appears that the parallel propagation is the
factor responsible for the inability to detect early damage.

13
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3.4 RESULTS OF MICROANALYTIC STUDIES
3.4.1 Scanning Electron Microscopy

An example of two complete runs of fatigue tests run to
signal, on aluminum samples; and scanning electron microscopy of the scann-
ed area is presented here.

The inductive sensor scans of aluminum sample 5 are presented
. as Figure 27. Readings were taken at pretest, at 400,000 cycles, and at
600,000 cycles; a signal appeared at 800,000 cycles on the back surface.
The sample was then run further to 915,000 cycles to generate a sizable
crack. It should be noted that at 800,000 cycles, the signal shows a
depression with a small "pip" in the center. At 900,000 cycles, the
signal shows two large depressions, one on each side of the central signal,
It is significant that this type of signal has been observed throughout
the program as. being characteristic of an incipient failure on an aluminum
sample. A question has been raised as to the phenomenon responsible for
this characterist'c signal on aluminum. This can be answered by a study
of Figures 28, 29, and 30. Figure 28 clearly shows a crack that turns
into an induration on each side of an extrusion. Figure 29, taken closer
to the center of the sample, shows an apparent tearing of material along
the crack. The surface scratching, which is apparent but not serious in
these scanning microscope pictures, is serious enough to obliterate detail
in the electron microscope pictures. Figure 30 shows the leading end of
the crack, 4.2 mm from the root of the notch. The photographs are labeled
with a letter and one dimension. The letter indicates the distance from
the root toward the center of the sample. Since the notch separation is
9.4 mm, Figure 30 is taken .5 mm from the center line of the specimen.
From previous experiments, it has been determined that the area of sen-
sitivity of the probe encompasses a width of approximately 4 mm (2. mm
each side of center). Therefore, cracks shown in the photographs will be
responsible for a signal indication if the dimension shown is greater than
2.7 am, Figures 32, 33, 34, 35, and 36 are photomicrographs of sample 11
aluminum. The scan signals are shown as Figure 31, The last reading,
625,000 cycles (back), shows an extremely small '"pip", which, experience
has shown us, is the first indication of a valid flow signal. Figure 34
gshows well-defined crack propagation; however, the position dimension
shows that this was taken only 1.4 mm from the notch. Figure 35, taken

.5 mm toward the center, shows much less damage, and the surface damage

is seen to end at 2.1 mm in Figure 36. It is apparent that there is little
damage beyond 2.1 mm, and the extremely small signal (most likely due to
flux fringing at the edge of the probe, increasing the sensitive area)
bears this out.

The inductive sensor scans of Inconel sample I17 are shown
in Figure 37. As before, an extremely small signal at 1,100,000 cycles
motivated termination of the test and preparation of the sample for
scanning electron microscopy. Figure 38, 39, 40, and 41 show the damage
at this point. Figure 38 shows gross damage at .73 mm from the root of
the notch. Figures 39 and 40 show the crack at 1.5 and 2.28 mm from the
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notch and, in addition, very clearly show the presence of slip parallel to
the crack. Figure 41 shows the furthest easily observable propagation of
the crack. Again, the presence of slip is evident parallel to the crack.
Figure 42 shows the inductive scans of Inconel sample I10. A sizable
signal at 800,000 cycles motivated termination of the test and preparation
for scanning electron microscopy. Figures 43, 44, 45, and 46 are photo-
micrographs of the sample taken at 1.74 mm, 2.05 mm, 2.46 mm, and 3.03 mm,
respectively, from the root of the notch. As before, these figures show

a decrease in crack size with distance from the notch. The pock marks
visible in these figures are most likely caused by the electropolishing
procedure used in the initial preparation of the sample.

filgure 47 shows the inductive scans on steel sample S11. A
sizableysignal is apparent at 350,000 cycles. At this point the sample
was prepared, and the photomicrographs shown in Figures 48, 49, 50, and 51
were taken. In general, the slip seen in the Inconel micrography is not
evident, and the crack appears to be partially obscured by a white-
appearing substance. This substance has been shown by electron microprobe
analysis to be an oxide., As with the aluminum and Inconel samples, the
photographs show a crack that decreases in size with distance from the
root of the notch. It is significant to note that the crack has progress-
ed further in the steel than in the other materials, which corroborates
the later appearance of the signal in general for steel samples.

.2 Electron Microsco

The procedure for preparation of replicas for transmisaion
electron microscopy was described in Section 2.3.1. As described in the
procedure, after the replicas are shadowed, they are sectioned into 3-
millimeter circles, which are placed on the microscope stage, where they
are supported on grids. The vreplicas are actual three-dimensional topo-
graphic maps of the surface, and, as such, depressions such as cracks or
pits tend to weaken the replica considerably (hence the grids). Since
the coating thickness of the chromium is of the order of 100 Angstroms or
so, the carbon is 3 or 4 times thicker than the chromium, the total thick-
ness of the examined replica is of the order of 500 to 800 Angstroms.
Therefore, it is not surprising that the replicas tend to separate at a
crack. Since small sections of the replica, rather than the whole replica,
are examined, it is virtually impossible to accurately locate a particular
feature with respect to the original sample. The procedure for examination
was to locate the edge of the crack, the tip also if possible, and to
carefully examine and photograph features on the surface that may have
been responsible for the inductive signals. In no case were features
observed (other than cracks) that could give rise to a signal.

The aluminum samples were, in general, extremely soft in
comparison with steel or Inconel. This extreme softness made the surface
difficult to examine at high magnifications. Extra aluminum samples were
tested, taking particular care not to disturb the surface; however,
scratching was still evident. Figure 52 shows the surface of the sample
in a relatively scratch-free area taken at 7500-power magnification. The
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presence of slip is seen. A better photograph of slip near a crack is
shown in Figure 53, taken of aluminum sample Al2 at 9,000-power magnifi-
cation, where the slip is clearly normal to the scratches. Figure 54
shows the opposite surface of aluminum sample Al2, also at 9,000-power
magnification. No distinct cracks are seen (the white lines are most
probably separations of the replica); however, the pits from the electro-
polishing are very clearly presented.

Inconel has provided the mcst information from this exam-
ination, since the surface is quite free from scratches. Optical exam-
ination has shown slip to exist only near a crack; therefore, slip has
provided a bench mark to corroborate proximity to a crack. Figure 55
shows an overview of the crack on Inconel sample I2 at 1,500,000 cycles.
This photograph shows a jagged crack configuration and the presence of
slip. Figure 56 shows the edge of the crack (right) and very clear slip
bands at the center (Inconel sample I2, 1,100,00 cycles, 3,800-power mag-
nification). Figure 57 shows an enlargement of the same area at 9,000-
power magnification, where the slip bands are clearly visible. Figure 58
shows clear slip bands in the vicinity of a crack (upper left) with what
appears to be a secondary crack (same replica and magnification). Figure
59 shows the tip of the primary crack (9,000-power magnification, Inconel
sample I2, 1,100,000 cycles). It is important to note that there is no
evidence of distressed metal in front of the crack, corroborating the
conclusion of the examiner that no other features were seen.

Figures 60 and 61 clearly show the martensite-like structure
on the surface of the steel samples. Figure 60 shows steel sample Sl at
3,000-power magnification, and Figure 61 shows steel sample S2 at 3,000-
power magnification. Figure 62 shows a crack edge of steel sample Sl at
9,000-power magnification. The martensite-like structure is clearly
visible; however, little or no slip is seen near the crack (as it was for
Inconel and aluminum) because of the fineness of the micro-structure.

Figure 63 shows the tip of the main crack on steel sample S1,
750,000 cycles at 9,000-power magnification. Some structure is seen;
however, features other than the crack, which could give rise to a signal,
are not evident.

3.4.3 Electron Microprobe Analysis

The samples were inserted in the microprobe after washing
with acetone to remove surface oil or grease and mounting in the specimen
holder with silver paint as an adhesive.

Three types of studies were made of each sample:

(1) Specimen current image. In forming this image, a small
area (100 x 130u) of the sample is scanned by the
microprobe beam, and the electron current absorbed by
the sample at each point is used to modulate the
intensity of a Cathode Ray beam scanning in synchronism
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with the probe beam.

(2, X-ray image. In forming this image, agein, a 100 x 130u
area of the sample is scanned by the probe beam. An
X-ray spectrometer is focussed for a prominent charac-
teristic line of one of the elements known or assumed
to be in the sample. The signal from the flow propor-
tional counter detector in the spectrometer is utilized
to modulate the intensity of the CR scanning in syn-
chronism with the microprobe beam.

:
g

(3) Step scan study. In this method, the microprobe beam
is moved in 1y steps along a straight line (at right
angles to a crack) on the sample. One X-ray spectro-
meter is focussed for a characteristic line of one
element suspected or known to be present in the sample.
A second X-ray spectrometer is focussed for a character-
istic line of another element suspected or known to be
present. X-ray photons received by each spectrometer
detector during a 50-second counting period at each
step are recorded automatically on a paper tape. In
general, the location of the crack across the line of
scan can be determined from the position of a minimum
or maximum in the number of counts due to one of the
elements (e.g., in the case of the steel sample, the
position of the crack coincided with a minimum in the
number of counts due to Fe-K, radiation and a maximum
due to 0-Ky radiation).

9310 Steel (Fig. 66) 1

(a) One 0-K, picture shows the presence of 0 along the
crack.

A il

(b) Other X-ray images (Ni-K,, Cr-K,, CK,images) give neg-
ative results.

THRSN

(c) Step scan studies show 2n increase in 0 at the crack in
agreement with observation (a). The amount of add-
itional 0 is apparently less near the end of the crack
than some distance back from the end. This may be a
real effect or an artifact due to more of the 0 rad-
iation being absorbed where the crack is narrower.

L o - AT

(d) Specimen current and X-ray images all show a lack of
homogeneity in samples and the formation of ridges of
disturbed alloy along both edges of the crack.

£

e

Aluminum (Fig. 64)

(a) The crack, in many regions at least, follows grain
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boundaries.

(b) As is to be expected, the aluminum sample shows an oxide
surface layer.

(¢) X-ray images using 0-K,, Al-ky, and Mg-Ky all show a
deficiency of these elements along the crack itself, as
is to be expected., There appeared to be no concen-
tration of any of these elements along the edges of the
crack., Aluminum differs from steel in this latter

respect.
Inconel (rig. 65)

(a) Sample current images suggest strong inhomogeneity of
composition, which was not confirmed by the Ni, Cr, Fe,
and Si X-ray images. The apparent inhomogeneity 1is
probably due to different crystallographic orientations
of the various grains or to the presence of slip.

(b) The crack follows grain boundaries in many cases.

(c) Displacements of material (slip) parallel to the direct-
ion of the crack are noted by observation of jogs in
surface scratches crossing the cracks.

(d) At some points along the crack, entire grains appear to
be displaced a few microns upward perpendicular to the
surface of the sample.

Figures 67 and 68 show the results of step scans of the
electron beam across the c-ack as described in 3.4.3 (3). The ordinate
indicates the intensity of the K, X-ray line of the element as measured
for periods of one minute. The K, lines of chromium and nickel show a
decided decrease in intensity at the position of the crack (three runs
each, Figure 67). Figure 68 (step scan on a steel sample) shows a sig-
nificant peak in the oxygen K, X-ray line, thus confirming the presence
of :orrosion as seen in the scanning electron microscope studies.
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SECTION 4

CONCLUSION AND RECOMMENDATION

The results of the tests runducted for this program and reported in
Section 3 clearly indicate that :the use of an inductive detection system
to detect impending fatigue fa.iures in metals is extremely feasible. The
roll test results point to the questionable value of such a detection
system for detecting rolling contact fatigue; however, the vibratory-beam-
test results clearly indicate that an inductive detection system is of
significant value in detecting this type of metal fatigue. The etiology
of signals has been investigated through use of modern microanalytic tech-
niques as well as classical metallography, and the results of these in-
vestigations show that microcracks as well as larger cracks are responsible
for these signals. The system, as used for this program, is a laboratory-
type device; however, it can readily be packaged for field use without
sacrifice of utility or sensitivity.
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Figure 6. Comparison of Inductive Sensor With Dye Penetrant Technique.
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Preliminary Examination of Steel Sample.
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Preliminary Examination of Steel Sample.




Figure 10.

(@) X4 Mag, As Received

(b) X4 Mag, As Received

Preliminary Examination of Steel Sample.

29

-,



-
1~'-
:
A
ool
-

/': ‘| /
/ ] P
’ "." (4] /
Hoiyf
‘1/ ’ 4.‘/(
/ I by
i ! i
. ) fg
/ i:
A S
fi g
£
p vl

(c) X100 Mag, As Received

) X 100 Mag, Notched Area, After Polishing
Figure 10. (continued)
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(£)

X300 Mag, Notched Area, 2% Nital Etchant
Figure 10. (continued)
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(g) %4 Mag, After Polishing and Etching,
2% Nital Etchant

Figure 10. (continued
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Figure 10. (continued)
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(n) Inductive Scan, 1 Additional Cycle
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Figure 14. Output Signal vs. Number of Cycles, 6061-T6 Aluminum.
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Figure 25. Typical Pit - Roll Fatigue Test.

(a) X100

(b) Etched, X100
Figure 26. Section Through Edge of Pit.
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Aluminum Sample A5, X4000, d = 2.9 mm.

Figure 28.
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Figure 29.
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Aluminum Sample All, X2200, d = 1.1 mm.

Figure -32.
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Aluminum Sample All, X4000, d = 1.2 mm

Figure 33
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Figure 35.

Aluminum Sample All, X4000, d = 1.9 mm.
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Figure 38. Inconel Sample I7, X4000, d = .73
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Figure 39. Inconel Sample I7, X2000, d = 1.50.
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Pigure 40. Inconel Sample I7, X4000, d = 2.28.
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Figure 41.

s

Inconel Sample I7, X4000, d = 2.41.
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Figure 43.

Inconel Sample I10, X4000, d =
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X4000, d = 2.05.

Inconel Sample I10

Figure 44
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» X4000, d = 2.46.

Inconel Sample I10
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Figure
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Figure 46. Inconel Sample I10, X4000, d = 3.03.
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Figure 48. Steel Sample S11, X4000, d = 1.98.
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Figure 49.

Steel Sample S11, X4000, d = 2,91.
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Figure 50.

Steel Sample S11, X4000, d = 4.16.
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Figure 51. Steel Sample S11, X4000, d = 4,95.
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Figure 53. Surface of Sample Al2, Slip in Vicinity
of Crack, X9000.
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Figure 54, Opposite Surface of Al2, No Clear Evidence
of Slip, X9000.
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Figure 55. Overview of Crack on Surface of Inconel
Sample I2, Clear Presence of Slip.
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Figure 56. Sample I2, Crack Edge at Right, Slip
Clearly Visible at Top Center, X3800.

Figure 57. Sample 12, Crack Edge at Right, Slip
Clearly Visible at Top Center, X9000.
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Figure 58. Sample I2, Primary Crack at Upper Left,
Secondary Crack at Center, X9000.

Figure 59. Sample I2, Tip of Primary Crack, No
Damage Beyond Tip, X9000.
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Figure 60. Surface of Steel Sample 1, Immediate
Vicinity of Crack, Martensite-Like Structure, No Slip
Evident, X3000.

Figure 61, Surface of Steel Sample 2, Immediate
Vicinity of Crack, Martensite-Like Structure, No Slip
Evident, X3000.
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Figure 62. Sample S1, Edge of Crack at Top, No
Slip Evident (Characteristic Observation for Steel
Samples), X9000.

Figure 63. Sample S1, Tip of Primary Crack, No
Evidence of Other Material Damage, X9000.
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(d) Specimen Current Image of Crack in Aluminum,
Site D

(e) Crack in Aluminum, Site D, Al K, Line,
200K Counts

Figure 64. (continued)

PRECEDING PAGE BLANK
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-(£) Crack in Aluminum, Site E, Al K Line,

L 2

o

400K Counts.

i

(continued)

Figure 64.
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(a) Specimen Current (Neg.) Image of Crack
in Inconel, Site C.

(b) Crack in Inconel, Site C, 0K, Line, 40K
Counts (Apparent Concentrations of Oxygen
Are Probably Artifacts Due to the Fact
That Grain Was Elevated and Its Left End
Faced the Spectrometer).

Figure 65. Microprobe Images of Inconel Samples.
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(a) Specimen Current
Image of Crack
in Steel, Site A.

(b) Crack in Steel,
Site A, OK, Image,
15K Counts.

(c) Crack in Steel,
Site A, Spectrometer
Set on Background
Near OK, Line, 15K
Counts.

Figure 66. Microprobe Images of Steel Samples.
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Pigure 68. Step Scan of Crack on Steel Sample, Oxygen Peak at Crack.
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