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Abstract

Fatigue monitoring of cyclically loaded shot peened high-strength steel components can be accomplished via magnetic
permeability measurements during laboratory tests or in service. These measurements can be performed either continuously
using permanently mounted Meandering Winding Magnetometer Arrays (MWM®-Arrays) or intermittently with scanning
MWM-Arrays. The results obtained to date suggest that MWM-Array permeability measurements can provide early detection
of fatigue damage in steels before conventional methods can detect any changes. This has been demonstrated to be particularly
significant in the presence of high compressive stresses introduced by shot peening. One of the fatigue tests was suspended
when accelerating changes in local permeability were detected. Examination of the fatigue specimen in a scanning electron
microscope detected only a few relatively small cracks, e.g., 50 to 200 um long at the surface. Fractography, however,
revealed significantly longer cracks. For the same specimen, conventional eddy current and ultrasonic testing failed to provide
any indications of cracks, and fluorescent liquid penetrant detected only an inconclusive spot indication. This paper provides a
comparison of the permeability changes and fractography data with a fatigue crack growth curve based on a FASTRAN
analysis accounting for residual stresses from shot peening. A comparison of the experimental data and crack growth analysis
results suggested that MWM-Array magnetic permeability measurements may detect cracks in the compressive stress field

when they are about 50 um deep.
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1. Introduction

Fatigue critical areas, particularly in aircraft components,
are often cold worked by shot peening, roller burnishing, or
cold expansion to introduce compressive stresses. These
compressive stresses significantly increase fatigue life, at
least in the case of intermediate and high-cycle fatigue,
typically well beyond the design life of the components. If,
however, fatigue damage with ensuing fatigue crack initiation
and growth does develop, it is important to detect it well
before a crack may become critical. Timely detection and
characterization of fatigue damage would allow prevention of
a failure. Moreover, if fatigue damage is detected early
enough, a corrective action, e.g., a minor rework, could
become an option. Early damage detection is an integral part
of Adaptive Damage Tolerance (ADT), an approach to
component life management that requires improved
observability of causative factors and material damage [1].

Until recently, early detection and characterization of
fatigue damage was limited to laboratory methods, such as X-
ray diffraction [2-5] and electron microscopy. Some of the
following methods show promise for fatigue detection in
metals and alloys: electrical conductivity [6] and magnetic
permeability [7] measurement methods, ultrasonic wave

distortion [8], laser diffraction [9], infrared thermography,
acoustic microscopy, and positron annihilation [10].

Electrical conductivity and/or magnetic permeability
measurements  using  the  “Meandering  Winding
Magnetometer” (MWM) eddy current sensors and MWM-
Arrays [11-15], provide a very practical and robust capability
to measure and image magnetic and conducting properties of
ferrous and nonferrous alloys on surfaces with complex
geometries. A previous paper [7] described results of fatigue
tests demonstrating the capability of permanently mounted
and scanning MWM-Arrays to detect fatigue damage and
tight cracks in shot peened high-strength steel components.
The results of these tests as well as tests on aluminum [6] and
nickel alloys demonstrated that permanently mounted MWM-
Arrays can be used to stop fatigue tests, once cracks of
specified sizes are detected in test specimens.  Such
specimens as discussed in Reference [16] would be valuable
as standards for nondestructive inspection of bolt holes, e.g.,
in aircraft engine components. This paper provides a more
detailed analysis of the previously presented results on
fatigue monitoring of shot peened 4340 steel [7] and more
recently performed fractography.
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2. MWM-Arrays and Measurement Grids

The inductive MWM-Array sensor utilizes a meandering
primary winding with numerous fully parallel secondary
windings (sensing elements). Permanently mountable
MWM-Arrays are particularly suited for continuous fatigue
monitoring applications, e.g., for fatigue tests of specimens
and components and for in-service monitoring at difficult-to-
access locations.  Scanning MWM-Arrays with multiple
sensing elements provide the capability to generate images
revealing, for example, localized damage and cracks. The
scanning MWM-Arrays are particularly useful for aircraft
and other structures where eddy current testing (ET) is
already a widely accepted technique for inspection, while
embedded MWM-Arrays provide a potential “alternate means
of compliance” for these inspections.

In an MWM-Array, a drive winding, with linear drive
segments is excited with a current at a prescribed frequency,
typically from under 1 kHz up to 40 MHz, which provides a
desired spatial distribution for the imposed magnetic field.
The drive current produces a time varying magnetic field that
induces eddy currents in conducting test materials that follow
the drive winding pattern. Inductive sensing elements sense
the absolute variations in the magnetic field due to the
presence of the test material and local defects or geometric
features that alter the flow of the induced eddy currents.

In the micro-fabricated MWM-Arrays, the windings are
adhered to a conformable substrate, producing a very thin and
flexible sensor. The MWM-Arrays used for this study are
shown in Figure 1. Other example MWM-Arrays can be
found in a number of papers [17-21].

The design of the drive winding produces a magnetic field
in the material under test, such that it can be modeled with
considerable accuracy.  The software converts sensor
impedance magnitude and phase response into material
properties, such as electrical conductivity or magnetic
permeability. A patented grid method is used to interpret
data in real time using a database of responses [14, 15]. The
database of responses is generated, prior to data acquisition,
using a physical model of the sensor response to variations in
material properties and layer thicknesses over the range of
interest. Two-dimensional subsets of the database can be
visualized as a measurement grid that relates two measured
parameters (such as the magnitude and phase of the
transimpedance between the MWM drive and sense
windings) to two unknown parameters of interest, such as the
magnetic permeability, electrical conductivity, and/or
thickness of a material layer and the lift-off. Model based
“grid measurement methods” provide automatic lift-off
compensation and dramatically reduce calibration
requirements. A portion of the grid used for monitoring of
the 4340 steel fatigue tests discussed here is shown in Figure
2. Conventional iterative techniques for solving the inverse
problem are relatively slow and are not guaranteed to
converge to a physical solution. In contrast, the use of grid
methods are guaranteed to converge as long as the data point
falls within the grid and are relatively fast, making them well
suited for the conversion of the image data into property
estimates where tens of thousands of data points may need to
be processed in real time.
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Figure 1. MWM-Arrays used in this study: (a) permanently mountable linear MWM-Array; (b), (c) scanning/ imaging MWM-
Array schematic and photograph, respectively. The sensor in (a) was used for fatigue monitoring; the sensor in (b) and (c) was
used to create the fatigue damage images after the tests.
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Figure 2. Detail of the measurement grid indicating response
of four MWM-Array channels within selected ranges of load
cycles. The fatigue damage progression in 4340 steel is
reflected in the gradual increase of MWM-Array measured
magnetic permeability.

3. Specimens and Test Procedure

The fatigue specimen design was selected based on a
specific geometry requirement (presence of a cylindrical
cavity) and stress distribution criteria. The key stress
distribution criterion — higher stresses in the central portion of
the cylindrical cavity — was verified by a finite-element
analysis (FEA). In the FEA model, a 100 Ib axial pulling
force was applied. The resulting stress distribution is shown
in Figure 3. Obviously, the cyclic loads in the tests were
significantly higher so that the stresses used later in the
fatigue crack growth analysis were scaled up.

The specimens were fabricated from 4340M steel heat
treated to obtain high ultimate tensile strength (>200 ksi).
The specimens were shot peened to generate high
compressive residual stresses near the surface. Some of the
specimens were also cadmium plated after shot peening to
simulate typical high-strength components material
constructs.

A linear MWM-Array with seven interleaved sensing
elements located at 4-mm increments along the array length
(see Fig. 1(a)) was mounted on the surface of the central
cavity of the specimens.  All seven sensing elements were
located along the axis of the cavity. The outer sensing
elements were located in the lower stress regions near the
edges. During the fatigue tests, each of the seven sensing
elements of the MWM-Array continuously monitored
changes occurring in the material under the footprint of a
sensing element. In the tests performed on a 9-ton Instron

frame, the specimens were subjected to tension-tension cyclic
loading at R = 0.1. The impedance measurement
instrumentation provided the drive current to produce a
spatially periodic magnetic field. The measurements were
performed at frequencies of 39 kHz, 100 kHz, and 251 kHz.
In this frequency range, the depth of sensor sensitivity for this
steel is, perhaps, between 0.2 and 0.5 mm. However, the
sensor can continue to monitor crack growth when a crack
grows deeper than 0.5 mm due to crack length and crack
opening increase at the surface.

The GridStation® software converted these data to local
magnetic permeability so that results were obtained in terms
of permeability measured at each individual sensing element
within the MWM-Array. During fatigue testing, data is
recorded continuously, without interrupting the test, at each
parallel

channel using a seven-channel architecture

impedance instrument.

SE:
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Figure 3. Distribution of stresses in the specimen FEA
model. Note that the specimen was designed to have a nearly
semicylindrical cavity in the center and the highest stress
region in the middle of the central portion of the cavity.

4. Results

Both types of specimens i.e., (1) shot peened and (2) shot
peened and cadmium plated, were subjected to fatigue testing
using a constant amplitude loading. Results of the MWM
permeability measurements made during a fatigue test of one
of the shot peened specimens are presented in Figure 4. In
this test, no significant permeability changes were detected
within the first 7,000 cycles in any of the seven channels, i.e.,
over the entire 28-mm long section under the MWM-Array
footprint. In the range between 7,000 and 31,000 cycles, all
seven channels detected gradual permeability changes.
However, these changes were significantly faster in the
higher stress area compared to the areas near the edges where
the FEA indicated substantially lower stresses. At about
31,000 cycles, two of the centrally located channels of the
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MWM-Array showed a sharp increase of locally measured
permeability, and the test was terminated at 33,500 cycles.

After the test, the central region of the specimen shown in
Figure 4 (inset photo) was examined in a scanning electron
microscope (SEM) and about twenty distinct cracks were
reported. Most of them were fairly small, on the order of 50
um long at the surface. The longest of the cracks detected in
the SEM and shown in Figure 5 was about 200 um long at the
surface. This irregularly shaped crack appeared to consist of
four nearly parallel “horizontal” cracks interconnected by
nearly vertical cracks. This specimen was also examined by
conventional eddy current, ultrasonic, fluorescent magnetic
particle, and fluorescent liquid penetrant inspection. The
fluorescent liquid penetrant inspection detected two small
round indications, each less than 0.25 mm. The other
nondestructive tests did not detect any indications. The
cavity was then scanned with an imaging MWM-Array
shown in Figures 1(b) and 1(c). During the scanning, the
drive was oriented perpendicular to the axis of the coupon
cavity, i.e., perpendicular to the anticipated predominant
orientation of fatigue cracks. This orientation was the same
as in fatigue test monitoring with a permanently mounted
MWM-Array shown in Figures 1(a) and 4 (inset photo).
Figure 6 (left) shows the permeability image obtained with
the imaging MWM-Array. This image shows the distribution
of fatigue damage in the high-stress area of the specimen and
reveals two adjacent zones within the image with a higher
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the highest permeability.
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Figure 4. Normalized permeability vs. fatigue cycles as
measured with an MWM-Array permanently mounted on a
shot peened 4340 steel specimen. The initial permeability
increase starting at about 7000-8000 cycles is attributed to
early fatigue damage detection, possibly formation of
microcracks within individual grains or at inclusions. A
sharp increase detected by two of the four centrally located
sensing elements above 31,000 cycles is caused by
accelerated crack growth.

Figure 5. A major portion of the 200-um long crack in the shot peened high-strength steel specimen. Note that this was the
largest crack detected in this specimen (see the MWM data for this test in Figure 4).
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Figure 6. Fractography revealed two nearly coalesced cracks significantly larger than could be inferred from SEM

observations.

5. Fractography

After the SEM of the central cavity region and MWM-
Array imaging of the cavity were completed, the specimen
was notched on the backside and, upon cooling in liquid
nitrogen, was broken for a fractographic examination. Figure
6 shows fractography results revealing two nearly coalesced
cracks. The larger crack is 1.38 mm deep and at least 2.57
mm long. The combined length of the two cracks is about 4.3
mm. Striation count was carried out at selected locations on
both cracks. Estimated crack growth rates, da/dN, at the
selected locations are tabulated in Table 1 below.

Table 1. Estimated Crack Growth Rates Based on
Striation Spacing at VVarious Crack Depth

Crack 1 Crack 2
a, mm da/dN, mm/cycle a, mm da/dN, mm/cycle
0.66 2.90E-04
0.84 4.35E-04 0.91 3.29E-04
0.95 2.80E-04 0.94 2.30E-04
1.38 2.88E-04 0.98 1.76E-04

The striation count suggested a reduced crack growth rate
at some of the deeper locations. This can be attributed
primarily to the changes in the applied stresses with depth as
indicated by the FEA. Spatial variations in microstructure
and residual stress redistribution could also contribute to

crack growth rate variations. It appears that some of the
MWM-Array sensing elements captured changes in the crack
growth rate via changes in the slope of the measured
magnetic permeability vs. cycles curves.

6. Analysis

The FEA indicated that the central region in the test
specimen had the highest stresses (see Fig. 3) and a
significant stress gradient through the thickness. An estimate
of the normal stresses through the thickness and along the
anticipated crack plane is shown by the upper dashed curve in
Figure 7 (note that the distance from the surface, x, is plotted
on a logarithmic scale). The maximum stress at the free
surface (x = 0) was 1470 MPa. The assumed residual stresses
due to shot peening are based on literature data [22] and are
shown as the lowest dashed curve. This is an idealized curve
as the actual distribution of compressive stresses at the
surface is not uniform. The solid curve shows the maximum
normal stress (oma), Which was obtained by linear
superposition of the applied normal stress due to remote
loading and the residual-stress distribution. Under cyclic
loading, the cyclic stress range will be unaffected by the
residual-stress distribution, but the minimum stress at the
shot-peened surface will go into compression over the first
0.15 mm and the minimum stress (om) distribution is shown
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by the lower dashed curve, as indicated. The solid symbol
shows the assumed initial discontinuity size (30 um radius),
or the initial crack size for the FASTRAN analysis, of the
4340 steel. (This value was one of the largest inclusion
particle sizes that had been observed in high-strength 4340
steel [23].)

Using the assumed normal stress distributions along the
potential crack plane, the stress-intensity factor (K) at the
maximum depth location for a surface crack emanating from
the free surface (a/c = 1) is shown in Figure 8. The dashed
and solid curves are the K values as a function of crack depth
without and with residual stress, respectively. The
approximate surface-crack solution was obtained by using a
Green’s function approach to calculate the stress-intensity
factors for an edge crack [24] under the assumed stress
distributions and then to multiply the edge-crack solution by
0.67. This will give approximate K values for a semi-circular
surface crack under the assumed stress distributions. A table-
lookup procedure was used in FASTRAN [25] to input the
normalized stress-intensity factor as a function of normalized
crack depth for the cases with and without residual stress.
The applied stress ratio for the test specimen was R = 0.1.
The no-residual-stress case had positive stress-intensity
factors at minimum load (see lower dashed curve in Fig. 8).
However, the shot-peened specimen developed negative
minimum stress-intensity factors for crack depths less than
about 0.5 mm. Because most of the fatigue life is consumed
for crack less than 0.5 mm, the K, value for the shot-peened
specimen was assumed to be zero (crack surfaces were
assumed to close at zero stress-intensity factor). This is a
reasonable assumption for large surface cracks under nearly
plane-strain conditions [26]. However, further study is
needed because negative crack-opening stresses have been
measured [27] and calculated [28] for small cracks less than
0.2 mm in length in aluminum alloys under negative stress
ratios.

Figure 9 shows the effective stress-intensity factor against
fatigue crack growth rate relationship (solid curve) that was
used to make life calculations for the specimen with and
without residual stress. The crack growth rate data were
obtained from Swain et.al [23] for middle-crack tension
specimens made of 4340 steel tested over a wide range of
stress ratios. The crack-closure model [25] was used to
correlate the crack-growth rate data using plane-strain
constraint conditions (o = 2.5) for low rates and a transition
to plane-stress conditions at higher rates. These results have
been successfully used to predict “total” fatigue lives of 4340
specimens with a semi-circular edge notch and open-hole
specimens subjected to constant-amplitude and helicopter
spectrum loading [26].

A comparison of calculated and measured crack depth
against cycles and crack depth against rate are shown in
Figures 10 and 11, respectively. In the calculations, a single
semi-circular surface crack was assumed to occur at the
maximum normal stress location and propagate through the

thickness. For the no residual stress case, R = 0.1 loading
was used, but the shot-peened specimen was analyzed with R
= 0 conditions to simulate the contacting crack surfaces under
compressive stress-intensity factors. For large cracks, the
calculated crack-opening stress levels are essentially the same
for R = 0 and R < 0 for plane-strain conditions. The solid
symbols in Figure 10 are crack depths measured on two
surface cracks on the shot-peened specimen during the
fractographic examination described in Section 5. Both
cracks were nearly semi-circular and had partly coalesced.
Figure 11 shows a comparison of the measured and
calculated crack growth rates. The comparison between
measured and calculated rates was quite good, but indicated
that the measured rates were for cracks that had grown away
from the influence of the residual-stress field. Future study is
needed to measure rates at smaller crack lengths and to relate
the assumed initial crack size to either metallurgical features
in the material, machining marks, or to the shot-peened
surface roughness. In addition, small cracks emanating from
inclusions or surface marks in the steel may develop negative
crack-opening stresses under compressive loading due to
residual stresses.
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Figure 7. Stresses along crack plane with and without

residual stresses.

6 of 9



70

60

50

40

30

K, MPa-m/2

20

10

———- No residual stress
— Residual stress

Kmin at R = 0.1

Figure 8.

06 08 1.0

Crack depth, a, mm

12 14 16

Stress-intensity factors for surface crack with and

without residual stresses.

104 g o]
= 1 L, 4340 Steel (AGARD R-767)
: &=1-2" Middle crack tension
10° g W =76 mm
E B=5.1mm
106 E
= a=25
g Bl
? 107 E
= -
2 -
T 108 N
O E
° F o
5 ¢ 0.1
10° ¢ o 05
10110 ; —o— AK,y; Baseline
10-11_ 1 To! | 1 1 o111l
1 10 100
AKgfr, MPa-m*/2
Figure 9. Effective stress-intensity factor against rate for high-
strength 4340 steel.

5[ 4340 Steel
L Surface crack (a/c = 1)
a;=30 um
] [ ]
I/ ]
1E / /
= r /
IS B /
. N ) Measured
< L \ (Shot peened)
= /
o L
(5]
©
X
g8 01} /
O C/
L Residual stress
(R=0)
001 | | | | |
0 10000 20000 30000 40000 50000
N, cycles

Figure 10. Calculated and measured crack depth against
cycles for specimen with and without residual stresses.

da/dN, m/cycle

le-6 E
C 4340 Steel
le-7
o ,
- v
r /7
- /
/
B /
i Measured:
= Crack #1
le-8 e Crack #2
o Calculated:
N ———- No residual stress
L —— Residual stress
16'9 ! AT NN ! Lol ! L1
0.01 0.1 1 5

Crack depth, a, mm

Figure 11. Calculated and measured rates for test specimen with
and without residual stresses.

70f9



7. Discussion

Based on a comparison of the MWM-Array generated
permeability image shown in Figures 4 and 6 (left), with the
results of fractography, the two highest permeability spots
within the left zone in the image correspond to the two
adjacent cracks revealed by fractography. Many, if not all, of
the other twenty short cracks observed during the SEM of the
cavity, i.e., prior to breaking the specimen for fractography,
were most likely a part of the two nearly coalesced cracks.
The somewhat lower permeability “halo” that surrounds the
MWM detected crack indications on the scanned image in the
left zone as well as the entire right zone correspond, for the
most part, to significant “precrack” fatigue damage. These
zones may have contained microcracks, e.g., <3 um, that
could not be reliably detected in the SEM for these machined
and shot peened surfaces, and, thus, could have been present
but missed in the SEM. Data from the permanently mounted
MWM-Array (see Figure 4) provides the history of fatigue
damage accumulation. It detected an early onset of changes
of the measured magnetic permeability and revealed a
gradual magnetic permeability increase. It appears that this
gradual magnetic permeability increase corresponds primarily
to fatigue damage prior to formation of cracks or at least prior
to formation of short cracks, e.g., cracks that are shorter than
the grain size.

Figure 12 shows the FASTRAN generated fatigue crack
growth curve and final crack depth values obtained from
fractography (crack depth scale on the right) as well as the
normalized MWM-Array measured permeability curves (left
scale). This figure reveals that the permeability curves for
the two central channels, indicating the accelerated
permeability increase, reflect faster crack growth toward the
end of the test. As an illustration of the MWM-Array
capability, Figure 12 shows that at 17,000 cycles when two of
the MWM-Array channels indicate a permeability increase as
large as 2 percent, the estimated crack depth is about 50 pm.
Note that a 2 percent change in permeability is an order of
magnitude greater than the measurement noise. The MWM-
Array can detect significantly smaller permeability changes
that are likely to correspond to initial crack growth
increments of just a few microns.

The results presented here suggest that permanently
mounted MWM-Arrays can be used for fatigue studies of
steel specimens or components to detect short cracks and
monitor their growth. This capability can be used for early
detecton of fatigue damage, i.e., early stage diagnostics (prior
to formation of cracks detectable by traditional
nondestructive methods) and for prognostics, i.e., assessment
of how long a steel component can operate safely and when it
should be reinspected. When required, MWM-Arrays can be
mounted at critical locations on such components for
inspections as frequently as required, even after every flight
in the case of aircraft components. Scanning MWM-Arrays
providing wide-area images of MWM  measured
permeabilities can also be used as frequently as practical. For

some applications, the best solution will be a combination of
MWM-Arrays permanently mounted at locations that can not
be reached during inspections, without significant
disassembly, and scanning MWM-Array for more accessible
locations.

Furthermore, when local small cracks can be detected
reliably in fatigue critical locations, life extension by local
rework could provide a major cost reduction and life
extension contribution.  Following rework, MWM-Arrays
could provide continuous or frequent periodic monitoring of
repaired locations. This is relevant both for aging aircraft and
design of new aircraft.
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Figure 12. Fatigue crack growth curve (from FASTRAN
analysis) superimposed on the MWM-Array measured
magnetic permeability curves.

8. Concluding Remarks

MWM-Arrays provide the capability for continuous on-
line monitoring of crack initiation and growth during fatigue
tests of steel specimens and components. In low-alloy steels,
permanently mounted MWM-Arrays can detect initial fatigue
crack growth increments of just a few microns. In shot
peened steel components, both permanently mounted and
scanning MWM-Arrays can detect cracks that are difficult to
detect by other nondestructive methods.
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