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Noncontact monitoring of surface-wave nonlinearity
for predicting the remaining life of fatigued steels

Hirotsugu Ogi,a) Masahiko Hirao, and Shinji Aoki
Graduate School of Engineering Science, Osaka University, Toyonaka, Osaka 560-8531, Japan

~Received 14 February 2001; accepted for publication 5 April 2001!

A nonlinear acoustic measurement is studied for fatigue damage monitoring. An electromagnetic
acoustic transducer~EMAT! magnetostrictively couples to a surface-shear-wave resonance along
the circumference of a rod specimen during rotating bending fatigue of carbon steels. Excitation of
the EMAT at half of the resonance frequency caused the standing wave to contain only the
second-harmonic component, which was received by the same EMAT to determine the
second-harmonic amplitude. Thus measured surface-wave nonlinearity always showed two distinct
peaks at 60% and 85% of the total life. We attribute the earlier peak to crack nucleation and growth,
and the later peak to an increase of free dislocations associated with crack extension in the final
stage. This noncontact resonance-EMAT measurement can monitor the evolution of the
surface-shear-wave nonlinearity throughout the metal’s fatigue life and detect the pertinent
precursors of the eventual failure. ©2001 American Institute of Physics.
@DOI: 10.1063/1.1376668#
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I. INTRODUCTION

Acoustic nonlinearity holds the potential of becomin
the primary means of characterizing fatigue in materials,
cause it is capable of probing the processes of crack nu
ation and growth1–4 and of dislocation movement.5–8 Its sen-
sitivity to microstructural attributes during the incubatio
period is often higher than that of the linear properties~ve-
locity and attenuation!. Richardson1 analyzed the second
harmonic amplitude generated by the opening and clos
effect of an interface subjected to bias pressure by a pas
acoustic wave. Optimum pressure exists for seco
harmonic generation. Bucket al.2 and Morriset al.3 demon-
strated that Richardson’s model was basically applicable
fatigue cracks in metals; the second-harmonic amplitu
showed maxima with low external compressive stress. Th
small fatigue cracks act as harmonic generators and the
ciency should exhibit a maximum during crack growth b
cause they are partly closed by compressive residual s
and large cracks are fully open, producing no higher harm
ics. With regard to dislocations, Hikataet al.5 studied the
harmonic generation caused by their anelastic vibration
showed that the second-harmonic amplitude increases
an increase of dislocation density and loop length. We
cently revealed that a dislocation structure change occur
the later stages of rotating bending fatigue, during wh
many mobile dislocations temporally arise.9,10 These theoret-
ical and experimental studies predicted a nonlinearity p
as a result of this event.

We expect then two nonlinear peaks during a fatig
life, one associated with cracks and the other with dislo
tions. However, such a study has not been reported in
literature. We note two key points. First, surface wav
should be used to focus on the specimen surfaces, w
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damage progresses. Second, a contactless acoustic tran
tion should be used to avoid background nonlinearity cau
by coupling agents and the transducer itself. Of the previ
nonlinear acoustic studies for materials characterization,
satisfied these requisites and none detected fatigue dam
A notable exception was reported by Hurley,11 who used a
comb transducer for excitation and an interferometric la
detector to accurately measure Rayleigh wave harmonic
aluminum, a quasicontactless technique.

In the present study, we apply an electromagnetic aco
tic transducer~EMAT! to monitor the surface-shear-wav
nonlinearity throughout the metal’s fatigue life. The use
an EMAT makes contactless transduction possible. B
EMATs lack a large transduction efficiency, which the no
linear measurement needs. To overcome this limitation,
chose to use acoustic resonance so as to excite and enh
the standing wave of the second-harmonic compon
around a rod specimen. Coherent superposition produc
highly magnified amplitude of the second harmonics. Th
measured surface-wave nonlinearity detected the two pe
in the fatigue life.

II. MATERIALS

We used commercial steel rods containing 0.25 or 0
mass percent carbon. They were heated at 880 °C for 1 h and
cooled in air. The specimens were 600 mm long. Their
ameter was 14 mm at the center; it smoothly increased f
14 to 20 mm with a large curvature to bring about dama
and failure at the minimum diameter. We prepared the m
suring surface by electropolishing.

III. RESONANCE-EMAT METHOD FOR NONLINEAR
ACOUSTICS

A. Spectroscopy measurement

The EMAT consists of a solenoid coil to introduce th
bias magnetic fieldH0 in the specimen’s axial direction an
© 2001 American Institute of Physics
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a meander-line coil, having equal meandering periods of
mm, to induce the dynamic fieldHv in the circumference
direction ~see Fig. 1!. When sinusoidal current is applied t
the meander-line coil, the total fieldHt oscillates about the
axial direction at the same frequency as the driving curr
and produces shearing vibration through the magnetos
tion effect to excite the surface-shear wave propaga
along the circumference with axial polarization.12 This is
called the axial shear wave.13 After excitation, the same
meander-line coil receives the axial shear wave through
reversed magnetostrictive effect.

Driving the meander-line coil with long tone burs
causes interference among the axial shear waves trav
around the cylindrical surface, and a frequency scan det
resonance peaks at unequal frequency intervals, at whic
the waves overlap coherently to produce large amplitud
We used the first resonance mode aroundf r53.9 MHz,
whose amplitude distribution has the maximum at the s
face and a steep gradient with the radius; the penetra
depth is estimated to be 0.5 mm.10 We defined the maximum
amplitude of the first resonance peak as the fundamental
plitude,A1 ~Fig. 2!. We then excited the axial shear wave
driving the EMAT at half of the resonance frequency (f r /2),
keeping the input power unchanged. In this case, the driv
frequency does not satisfy the resonance condition and

FIG. 1. Configuration and mechanism of the magnetostrictive EMAT
generating and receiving the axial shear wave.

FIG. 2. Resonance spectra for the fundamental and the second-harm
components.
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fundamental component does not produce a detectable
nal. However, the second-harmonic component hav
double frequency (f r) satisfies the resonance condition a
the resonance spectrum of the received signal contain
peak at the original resonance frequency as shown in Fig
We defined this peak height as the second-harmonic am
tude, A2 , to calculate the nonlinearityA2 /A1 . The magni-
tude ofA2 /A1 varied on the order of 1023. These measure
ments were made possible by the system for nonlin
acoustic phenomena~SNAP! manufactured by RITEC Inc.
which provided the meander-line coil with the burst sign
and detected the resonance peaks.

B. Second power law

In metals without flaws, higher harmonics arise fro
nonlinear elasticity due to lattice anharmonicity and fro
anelasticity due to dislocation movement. These two effe
are inseparable in actual nonlinear measurements. Both
erate higher harmonics, among which the second harm
usually dominates. The amplitude is then given by the squ
of the fundamental wave amplitude,5 that is, second powe
law.

The present definition of nonlinearityA2 /A1 is based on
second power law and the proportionality betweenA1( f r)
and the true fundamental amplitude, say,A18( f r /2). The
second-harmonic amplitudeA2 is of course proportional to
the square of thetrue fundamental amplitudeA18 , that is,
A2}A18

2. This component lasts only a very short time aft
excitation and vanishes through mutual interference in
off-resonance condition. Within this short time, it genera
the second harmonics following second power law. But,
cannot measureA18 . Instead, we measuredA1 andA2 , both
at f r , by changing the driving voltage. Figure 3 shows t
result for 0.25 mass % C steel before and after applying 1
tensile plastic deformation. It demonstrates the linear re

r

nic

FIG. 3. Verification of the second power law before and after plastic el
gation. The second-harmonic amplitude is proportional to the square o
fundamental amplitude.
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tionship betweenA2 and A1
2, proving that A1}A18 . ~The

larger slope after deformation is caused by dislocation m
tiplication. The slope is proportional to the dislocation de
sity L times the fourth power of the loop lengthL (A2 /A1

2

}LL4).5! Normalization ofA2 in terms ofA1 removes the
influences of liftoff, frequency dependence of the transd
tion efficiency, and other anomalies.

C. Background nonlinearity by the magnetostrictive
effect

Magnetostrictively coupling EMAT entails backgroun
nonlinearity caused by the metal’s magnetostrictive respo
to the applied magnetic field. We have to estimate this eff
A preceding study14 derived a relationship between the bul
shear-wave amplitude and the metal’s magnetostrictive c
acteristics by assuming isovolume magnetostriction and
versible magnetization rotation. A similar approach
possible in the present situation by assuming a flat surf
The resultant surface-shear-wave amplitude,USH, is related
to the magnetostrictioneM and its field derivative (deM /dH)
as

USH}
3m

H0
H eM cos 2u cos2 u

13H0S deM

dH D sin2 u cosuJ ej vt. ~1!

Here, m denotes the shear modulus,u5tan21(Hv /H0) ~see
Fig. 1!, andHv5hv exp(jvt) with the dynamic-field ampli-
tude hv . When the static fieldH0 is much larger than the
dynamic fieldHv , i.e., uu(t)u!1, Eq.~1! is approximated as

USH}
3m

H0
H eM13S deM

dH D hv
2

H0
ej vtJ ej vt. ~2!

The amplitude ratioA2 /A1 is then given by

A2

A1
5U 3

eM
S deM

dH D
H5H0

U hv
2

H0
. ~3!

Figure 4 shows the magnetostriction measured by cha

FIG. 4. Measured magnetostriction~closed circle!, the fitted function~solid
line!, and the calculated nonlinearity in transmission~broken line!. The 0.25
mass % C steel was used after demagnetization.
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ing the applied field with 0.25 mass % C steel. We obtain
the fitting function to the measurements

eM~H !53H0.15exp~20.457H11.14!22.75, ~4!

with eM in microstrain (1026) andH in 104 A/m.
Thompson15 derived the magnitude of the tangenti

dynamic-field amplitudehv induced by driving a meander
line coil, which, in first approximation, reduces to

hv5
2I

D

sin~pa/D !

pa/D
expS 2

2pG

D D , ~5!

whereI denotes the current,D the meander-line period,a the
width of the coil lines, andG the air gap between the co
and specimen surface. In this study,D50.9 mm anda
50.01 mm. Substitution of Eqs.~4! and ~5! into Eq. ~3! re-
sults in the normalized second-harmonic amplitudeA2 /A1 in
Fig. 4 for the typical values ofI 50.5 A andG50.3 mm. We
see the infinite transduction nonlinearity at zero static fi
and also atH0;3.13104 A/m, both of which result from
zero magnetostriction. An ideal static field should provi
large transduction efficiency and minimum nonlinearity. W
fixed the static field atH051.23104 A/m throughout this
study so that the background nonlinearity remains one o
of magnitude smaller than the fatigue-induced nonlinear
keeping sufficient efficiency~the efficiency is nearly propor
tional toeM!. It should be noted that the background nonli
earity continues to be unchanged during the fatigue tes
long as a constant static field is applied.

IV. ROTATING BENDING FATIGUE

A. Measurements

The measurement setup of the rotating bending fati
test was the same as that developed in our previous stu10

The meander-line coil surrounded the specimen’s center p
We rotated the specimen at 240 rpm~4 Hz!. A four-point
bending configuration gave a maximum bending stress
280 MPa~50.84sy ,sy : yield strength! for 0.25 mass % C
steel and 357 and 382 MPa for 0.35 mass % C steel~0.79 and
0.85sy , respectively!. The cycle to failure,NF , was of the
order of 104. We measured the nonlinearity, attenuation, a
phase velocity of the surface-shear wave by interrupting
cyclic loading and releasing the bending stress. Details of
velocity and attenuation measurements appear in Ref.
Along with the acoustic measurements, we observed surf
crack nucleation and growth by replication.10 We then re-
started the cyclic loading. This procedure was repeated u
failure.

B. Results

Figures 5~a! and 5~b! show typical evolutions of the
phase velocityn, the attenuation coefficienta, and the nor-
malized nonlinearityA2 /A1 for the first axial-shear-wave
resonance. Individual measurements ofA1 andA2 are plotted
in Fig. 5~c!. The number of cycles,N, is normalized byNF .
Measurements of the linear characteristics~velocity and at-
tenuation! are consistent with those observed in our previo
study for 0.45 mass % C steel and a 5052 aluminum a
with the same specimen dimensions:10 the attenuation coef-
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ficient always shows a sharp peak at 85% of the total l
which is accompanied by the deceleration of a velocity
crease. Important observations here are~i! the nonlinearity
shows two peaks during the fatigue life; the first one appe
around 60% and the second one around 85% ofNF , almost
the same time as the attenuation peak;~ii ! this is independen
of the carbon content and the bending stress~see Fig. 6!.

Figure 5~d! shows the result of the surface crack obs
vation. The crack density was calculated from the total cr
length divided by the viewing area. Cracks were observa
with an optical microscope as early as at about 30% ofNF ,
the average length being about 50mm at this stage. The
crack density increased linearly withN, while the maximum
length remained unchanged until about 70%, which was
lowed by a rapid increase toward failure. This observat
indicates that cyclic loading betweenN/NF50.3 and 0.7 was
expended mainly by crack nucleation, not by crack grow
and produced many small cracks of uniform size. This

FIG. 5. Typical evolutions of~a! velocity and attenuation,~b! the nonlin-
earity,~c! the fundamental and second-harmonic amplitudes, and~d! surface
cracks for 0.25 mass % C steel (NF556 000). Arrows indicate the first and
the second nonlinearity peaks.
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pears reasonable considering the metal’s work hardening
the bending stress gradient. AfterN/NF50.7, these small
cracks coalesce with each other to form longer cracks, res
ing in growth inward in the final stage and then fracture.

V. DISCUSSIONS

Detailed investigation of the attenuation peak10 and ob-
servations of the dislocation structure by transmission e
tron micrography17 revealed that the attenuation peak r
sponds to a temporal increase offreedislocations. According
to the string model of vibrating dislocations,18 a(}LL4) in-
creases andv(`2LL2) decreases with an increase of fre
dislocations that vibrate with the acoustic wave. The cra
coalescence at the later stage produces high stress z
ahead of the crack tips and gives rise to rearrangement o
dislocation cell structure, the release of pinned dislocati
from obstacles, and dislocation multiplication. This involv
the production of free dislocations, which raisesa several
times from the initial measurement. The attenuation coe
cient, however, decreases soon because of the disloc
tangling and piling up again. This process takes place sim
taneously at many sites within the thin surface layer of
specimen. The velocity change can be interpreted in
same way, although it is less sensitive to the microstruct

We interpret the second~later! nonlinear peak as cause
by the above crack–dislocation interaction because it s
chronized with the attenuation peak. Anelastic behavior
the free dislocations is the common source of attenuation
nonlinearity. A supplemental experiment of lowering the fr
dislocations confirms this viewpoint~Fig. 7!. We stopped the
fatigue test at the second nonlinearity peak, exposed
specimen to 300 °C for 1 h, and observed a drop in non
earity to that before the peak. The attenuation coefficient
the velocity also returned to the previous values as a resu
this heat treatment.

We attribute the first nonlinearity peak to crack nuc
ation and growth. Small fatigue cracks are partly clos
along the tips due to compressive residual stress, wh

FIG. 6. Relationship between the failure cycle numberNF and the cycle
numbers at the first and the second nonlinearity peaks (NP) for 0.25 and
0.35 mass % C steels.
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arises from local plastic deformation~plasticity-induced
closure!.19 The residual stress is large near the tip, wh
tightly closes the crack faces. It diminishes as it approac
the crack mouth and there is a thin band where the cr
faces are in contact at very small pressure.3 These thin bands
open and close when the acoustic wave impinges on th
and they distort the waveform, making a strong nonlinea
source. In the present case, they are at many sites, sinc
crack shape is shallow and semiellipsoidal with relativ
uniform size. The nonlinearity should then increase as
number of small cracks increases. In Fig. 5, the crack den
correlates with the nonlinearity prior to the first peak, whe
the crack length remains unchanged and the numbe
cracks monotonically increases. In the course of fatigue,
small cracks coalesce with each other and start to grow
ward. This process reduces the area of weakly touching c
faces because of the asperity contact across the shall
faces, resulting in a drop of nonlinearity. The crack leng
starts to increase after this nonlinearity peak in Fig. 5~d!,
being compatible with the above interpretation. Thus,
first nonlinearity peak indicates the beginning of crack c
lescence.

We finally want to remark on the effect of attenuation
the nonlinearity ofA2 /A1 . Roughly speaking,a andA1 vary
in reversed ways in Fig. 5, implying that attenuation gove
A1 . But, A2 is independent of the attenuation variation a
A2 dominates in the first nonlinearity peak. The amplitu
A2 originates fromA18 , which is considered to be consta
throughout the fatigue tests since we used equal input po
to the EMAT. Indeed, no link is found betweenA1 and A2

until the attenuation peak. After that, they change in a sim
way, indicating the common influence of dislocations. T
normalization byA1 is still useful because the electroma
netic properties of metal, such as conductivity, may cha
during fatigue and affect the EMAT’s transduction ef
ciency.

FIG. 7. Recovery of nonlinearity from the second peak by annealing
300 °C for 1 h.
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The most important observation in this study is that t
nonlinearity peaks appear at fixed fractions toNF in Fig. 6.
The same is true for the indicative decline in the phase
locity v and the sharp peak of the attenuation coefficienta.
These measurements detect the pertinent microstruc
changes inside the metal, which closely correlate with
degradation process and lead to the final fracture.

VI. CONCLUSION

We summarize our conclusions as the following.

~1! Combination of the magnetostrictive EMAT and th
resonance method enables us to detect the second-harm
amplitude of the surface-shear wave without contact.

~2! The measurement of acoustic nonlinearity we ha
used obeys the second power law and shows the expe
sensitivity to cracks and dislocations.

~3! The nonlinearity shows two distinct peaks during r
tating bending fatigue of carbon steels at 60% and 85%
the total life. These percentage lives are unchanged in
stress region of 0.79–0.85 of the yield strength. T
resonance-EMAT method holds promise then for develop
into a means by which we predict the remaining life of
fatigued steel.

~4! The first nonlinearity peak responds to crack nuc
ation and then coalescences, which is supported by
surface-crack observation.

~5! The second nonlinearity peak is synchronized w
the attenuation peak and is induced by the temporal incre
of free dislocations.
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