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

Hirotsugu Ogi,® 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 transducglEMAT) 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. @001 American Institute of Physics.
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I. INTRODUCTION damage progresses. Second, a contactless acoustic transduc-
) , ) , . tion should be used to avoid background nonlinearity caused
Acoustic nonlinearity holds the potential of becoming ¢y pling agents and the transducer itself. Of the previous
the primary means of characterizing fatigue in materials, beq,niinear acoustic studies for materials characterization, few
cause it is capable of probing the processes of crack NUCl&ytisfied these requisites and none detected fatigue damage.
ation and growth * and of dislocation movemeft®Its sen- A"\ \otable exception was reported by Hurldywho used a
sitivity to microstructural attributes during the incubation oomp ransducer for excitation and an interferometric laser

period is often higher than that of the linear propertes-  etector to accurately measure Rayleigh wave harmonics in
locity and attenuation Richardsoh analyzed the second- aluminum, a quasicontactless technique.

harmonic amplitude generated by the opening and closing |, the present study, we apply an electromagnetic acous-
effect of an interface subjected to bias pressure by & passing. transducer(EMAT) to monitor the surface-shear-wave
acoustic wave. Optimum pressure exists 3for secondponjinearity throughout the metal’s fatigue life. The use of
harmonic generation. BL,‘(M al” and Morriset al” demon- o, EMAT makes contactless transduction possible. But,
strated that Richardson's model was basically applicable t@\jaTs |ack a large transduction efficiency, which the non-
fatigue cracks in metals; the second-harmonic amplitudeg,qar measurement needs. To overcome this limitation, we
showed maxima with low external compressive stress. Thugpgse 1o use acoustic resonance so as to excite and enhance
small fatigue cracks act as harmonic generators and the effjr standing wave of the second-harmonic component
ciency should exhibit a maximum during crack growth be-a.q,nd a rod specimen. Coherent superposition produces a
cause they are partly closed by compressive residual streggyp|y magnified amplitude of the second harmonics. Thus

and large cracks are fully open, producing no higher harmons e asured surface-wave nonlinearity detected the two peaks
ics. With regard to dislocations, Hikaeet al” studied the i, ihe fatigue life.

harmonic generation caused by their anelastic vibration and

showed that the second-harmonic amplitude increases witthh MATERIALS

an increase of dislocation density and loop length. We re- We used commercial steel rods containing 0.25 or 0.35

cently revealed that a dislocation structure change occurs imass percent carbon. They were heated at 880rC foand

the later stages of rotating bending fatigue, during whichcooled in air. The specimens were 600 mm long. Their di-

many mobile dislocations temporally ari$¥ These theoret- ameter was 14 mm at the center; it smoothly increased from

ical and experimental studies predicted a nonlinearity peak4 to 20 mm with a large curvature to bring about damage

as a result of this event. and failure at the minimum diameter. We prepared the mea-
We expect then two nonlinear peaks during a fatiguesuring surface by electropolishing.

life, one associated with cracks and the other with disloca-

tions. However, such a study has not been reported in thI . RESONANCE-EMAT METHOD FOR NONLINEAR

. . . COUSTICS

literature. We note two key points. First, surface waves

should be used to focus on the specimen surfaces, whefe Spectroscopy measurement

The EMAT consists of a solenoid coil to introduce the
3E|ectronic mail: ogi@me.es.osaka-u.ac.jp bias magnetic fieldH, in the specimen’s axial direction and
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FIG. 1. Configuration and mechanism of the magnetostrictive EMAT for
generating and receiving the axial shear wave. ol 1 L0 1oy 0y
0 0.5 ) 1 1.5

A" (au)

a meander-line coil, having equal meandering periods of 0.9

mm, to induce the dynamic fielti , in the circumference FIG. 3. Verification of the second power law before and after plastic elon-

direction (see Fig 1. When sinusoidal current is applied to gation. The second-harmonic amplitude is proportional to the square of the
Lo ) . fundamental amplitude.

the meander-line coil, the total field, oscillates about the

axial direction at the same frequency as the driving current

a_md produces she_aring vibration through the magnetOSt_ri?undamental component does not produce a detectable sig-
tion effect to_excite the s_urface_-shear wave propagating,,) However, the second-harmonic component having
an”n % tr;]e cwc_ulmf(ra]rence vgéh A?txml pol_arl_zatl%?nhThls 'S" double frequency f(.) satisfies the resonance condition and
called t € axial shear wave. Alter excitation, the same e resonance spectrum of the received signal contains a
meander-line coil receves the axial shear wave through thﬁeak at the original resonance frequency as shown in Fig. 2.
revers_eq magnetostrictive gffect. L We defined this peak height as the second-harmonic ampli-
Driving the meander-line coil with long tone bursts tude, A,, to calculate the nonlinearitp,/A,. The magni-
causes interference among the axial shear waves traveliqgOle of A, /A, varied on the order of 1%. These measure-
around the cylindrical surface, and a frequency scan detecaTentS wzerel made possible by the s.ystem for nonlinear
[

resonance peaks at unequal frequency intervals, at Which lcoustic phenomenéSNAP) manufactured by RITEC Inc.,
the waves overl_ap coherently to produce large ampl|tude§Nhich provided the meander-line coil with the burst signal
We used the first resonance mode aroune 3.9 MHz, and detected the resonance peaks

whose amplitude distribution has the maximum at the sur-
face and a steep gradient with the radius; the penetration
depth is estimated to be 0.5 mifiwe defined the maximum B. Second power law
amplitude of the first resonance peak as the fundamental am-

plitude,A; (Fig. 2. We then excited the axial shear wave by non

gnvm_g thﬁ E.MAT at half of tf;}e rescanallnCﬁ_frequendg/ZL, . ._anelasticity due to dislocation movement. These two effects
eeping the input power unchanged. in this case_,_t € drving e inseparable in actual nonlinear measurements. Both gen-
frequency does not satisfy the resonance condition and thc_grate higher harmonics, among which the second harmonic

usually dominates. The amplitude is then given by the square

In metals without flaws, higher harmonics arise from
linear elasticity due to lattice anharmonicity and from

, . , . . . r 0.01 of the fundamental wave amplitudehat is, second power
h A ] law.
- - J0.008 The present definition of nonlinearify, /A, is based on
= I l,/ ] = second power law and the proportionality betwe®y(f,)
% ; \". 40.006 and thetrue fundamental amplitude, sayA;(f,/2). The
E "‘A \ ] 3 second-harmonic amplitud&, is of course proportional to
= 05F S22 do00s £ the square of thérue fundamental amplitudd\;, that is,
= 1 g A,xA!%. This component lasts only a very short time after
< 2 1
Jo.002 < excitation and vanishes through mutual interference in the

off-resonance condition. Within this short time, it generates
) ! - the second harmonics following second power law. But, we

3.88 3.9 3.92 3.94 cannot measurd; . Instead, we measurel; andA,, both

Frequency (MHz) at f,, by changing the driving voltage. Figure 3 shows the

FIG. 2. Resonance spectra for the fundamental and the second-harmorﬁ@su!t for 0-25 mass % C steel before and after applying 1.5%
components. tensile plastic deformation. It demonstrates the linear rela-
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' ' ‘ ! ing the applied field with 0.25 mass % C steel. We obtained

1 \
i \ | | 2
Ak ; e eimaion 10 the fitting function to the measurements
et R Aol em(H)=3H"exp —0.45H +1.14 — 2.75, (4)
5 '. i d10? , o . :
£ 2rdim i 10 < with e, in microstrain (10°) andH in 10* A/m.
i AN Y = Thompsoh® derived the magnitude of the tangential
s - T ) dynamic-field amplituden,, induced by driving a meander-
é” ' line coil, which, in first approximation, reduces to
, h _2| sin(w7al/D) 27G .
T *"b sap A D | ®

wherel denotes the curren) the meander-line period, the
width of the coil lines, ands the air gap between the coil
FIG. 4. Measured magnetostrictiéciosed circlg, the fitted functionsolid ~ @nd specimen surface. In this stud®,=0.9mm anda
line), and the calculated nonlinearity in transmissibroken ling. The 0.25 ~ =0.01 mm. Substitution of Eq$4) and (5) into Eq. (3) re-
mass % C steel was used after demagnetization. sults in the normalized second-harmonic amplitdgéA; in

Fig. 4 for the typical values df=0.5 A andG=0.3mm. We

see the infinite transduction nonlinearity at zero static field
tionship betweerA, and A2, proving thatA;<A;. (The and also atH,~3.1x10* A/m, both of which result from
larger slope after deformation is caused by dislocation mulzero magnetostriction. An ideal static field should provide
tiplication. The slope is proportional to the dislocation den-large transduction efficiency and minimum nonlinearity. We
sity A times the fourth power of the loop length(A,/A2?  fixed the static field aHy=1.2x 10" A/m throughout this
«AL*%.% Normalization ofA, in terms of A; removes the study so that the background nonlinearity remains one order
influences of liftoff, frequency dependence of the transducof magnitude smaller than the fatigue-induced nonlinearity,
tion efficiency, and other anomalies. keeping sufficient efficiencithe efficiency is nearly propor-
tional to €);). It should be noted that the background nonlin-
earity continues to be unchanged during the fatigue test so

C. Background nonlinearity by the magnetostrictive long as a constant static field is applied.
effect

Static Field (10* A/m)

_ . . IV. ROTATING BENDING FATIGUE
Magnetostrictively coupling EMAT entails background

nonlinearity caused by the metal’s magnetostrictive responsé. Measurements

to the applied magnetig field. We have Fo estimate this effect. e measurement setup of the rotating bending fatigue
A preceding studyf derived a relationship between the bulk- ost was the same as that developed in our previous $tudy.
shear-wave amplitude and the metal's magnetostrictive chafrhe meander-line coil surrounded the specimen’s center part.

acteristics by assuming isovolume magnetostriction and repe rotated the specimen at 240 rgh Hz). A four-point
versible magnetization rotation. A similar approach isbending configuration gave a maximum bending stress of
possible in the present situation by assuming a flat surfaceg MPa(=0.84s, 0, : yield strength for 0.25 mass % C
The resultant surface-shear-wave amplitude,, is related  giae| and 357 andy385 MPa for 0.35 mass % C $te@b and

to the magnetostrictiony, and its field derivativede,, /dH) 0.850,, respectively. The cycle to failureN, was of the

as order of 1d. We measured the nonlinearity, attenuation, and
phase velocity of the surface-shear wave by interrupting the
cyclic loading and releasing the bending stress. Details of the
velocity and attenuation measurements appear in Ref. 16.
Along with the acoustic measurements, we observed surface-
crack nucleation and growth by replicatithWe then re-

started the cyclic loading. This procedure was repeated until
failure.

3
USH“H—M[GM cos 20 cos 6
0

de .
+3Ho| == | sir? 6 cosh} elet. (1)
dH
Here, u denotes the shear modulugs=tan (H,/Ho) (see
Fig. 1, andH _,=h, exp(wt) with the dynamic-field ampli-
tude h,. When the static fieldd, is much larger than the

. . . . B. Results
dynamic fieldH ,, i.e.,| 6(t)|<1, Eq.(1) is approximated as

) Figures %a) and 8b) show typical evolutions of the
U OC3_M . +3(d€M o gjot| giot ?) phase velocityy, the attenuation coefficient, and the nor-
SH H, |™ dH | Hy ' malized nonlinearityA,/A,; for the first axial-shear-wave

Az

The amplitude ratioA, /A, is then given by resonance. Individual measurementg\gfandA, are plotted
A tenuation are consistent with those observed in our previous

in Fig. 5(¢c). The number of cyclesdy, is normalized byNg.
3 (deM) h2
€M dH _
H=Mo study for 0.45 mass % C steel and a 5052 aluminum alloy

3 Measurements of the linear characterisfieslocity and at-
Hy
Figure 4 shows the magnetostriction measured by changwith the same specimen dimensidfighe attenuation coef-
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3
9
=] pears reasonable considering the metal’'s work hardening and
li the bending stress gradient. Afte&l/N=0.7, these small
g cracks coalesce with each other to form longer cracks, result-
< ing in growth inward in the final stage and then fracture.
Bl
"= 300 g V. DISCUSSIONS
=
E & Detailed investigation of the attenuation pth&ind ob-
g‘ 200 j': servations of the dislocation structure by transmission elec-
g 8 tron micrography’ revealed that the attenuation peak re-
E 100 ‘E’ sponds to a temporal increasefade dislocations. According
8 2 to the string model of vibrating dislocatior$a (< AL%) in-
© & creases and(~—AL?) decreases with an increase of free
= dislocations that vibrate with the acoustic wave. The crack

coalescence at the later stage produces high stress zones
FIG. 5. Typical evolutions ofa) velocity and attenuationp) the nonlin- ahead O.f the crack tips and gives rise to regrrangement qf the
earity, (c) the fundamental and second-harmonic amplitudes (dnsurface dislocation cell Strucu‘_'re’ th(_a releas? Qf p_mned (_jls_locatlons
cracks for 0.25 mass % C stedl{=56 000). Arrows indicate the first and rOmM obstacles, and dislocation multiplication. This involves
the second nonlinearity peaks. the production of free dislocations, which raisesseveral
times from the initial measurement. The attenuation coeffi-
cient, however, decreases soon because of the dislocation
ficient always shows a sharp peak at 85% of the total lifefangling and piling up again. This process takes place simul-
which is accompanied by the deceleration of a velocity detaneously at many sites within the thin surface layer of the
crease. Important observations here @jethe nonlinearity specimen. The velocity change can be interpreted in the
shows two peaks during the fatigue life; the first one appearsame way, although it is less sensitive to the microstructure.

around 60% and the second one around 85%40f almost We interpret the secon@aten nonlinear peak as caused
the same time as the attenuation pgék;this is independent by the above crack—dislocation interaction because it syn-
of the carbon content and the bending striese Fig. 6. chronized with the attenuation peak. Anelastic behavior of

Figure 8d) shows the result of the surface crack obser-the free dislocations is the common source of attenuation and
vation. The crack density was calculated from the total crackonlinearity. A supplemental experiment of lowering the free
length divided by the viewing area. Cracks were observablelislocations confirms this viewpoifFig. 7). We stopped the
with an optical microscope as early as at about 30%ef  fatigue test at the second nonlinearity peak, exposed the
the average length being about %0n at this stage. The specimen to 300°C for 1 h, and observed a drop in nonlin-
crack density increased linearly witth while the maximum earity to that before the peak. The attenuation coefficient and
length remained unchanged until about 70%, which was folthe velocity also returned to the previous values as a result of
lowed by a rapid increase toward failure. This observatiorthis heat treatment.
indicates that cyclic loading betwe®iNg=0.3 and 0.7 was We attribute the first nonlinearity peak to crack nucle-
expended mainly by crack nucleation, not by crack growthation and growth. Small fatigue cracks are partly closed
and produced many small cracks of uniform size. This apalong the tips due to compressive residual stress, which
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The most important observation in this study is that the
nonlinearity peaks appear at fixed fractionsNp in Fig. 6.
The same is true for the indicative decline in the phase ve-
locity v and the sharp peak of the attenuation coefficient
These measurements detect the pertinent microstructural
changes inside the metal, which closely correlate with the
degradation process and lead to the final fracture.

—
(=

o0

AyJA, (X107)
[e)Y

VI. CONCLUSION
We summarize our conclusions as the following.

4 (1) Combination of the magnetostrictive EMAT and the

N(107) resonance method enables us to detect the second-harmonic

FIG. 7. Recovery of nonlinearity from the second peak by annealing atampMUde of the surface-shear Wave. WIthOL.J'[ cor_1tact.

300°C for 1 h. (2) The measurement of acoustic nonlinearity we have
used obeys the second power law and shows the expected
sensitivity to cracks and dislocations.

arises from local plastic deformatiofplasticity-induced (3) The nonlinearity shows two distinct peaks during ro-

closure.’® The residual stress is large near the tip, whichtating bending fatigue of carbon steels at 60% and 85% of

tightly closes the crack faces. It diminishes as it approachethe total life. These percentage lives are unchanged in the

the crack mouth and there is a thin band where the cracktress region of 0.79-0.85 of the yield strength. The

faces are in contact at very small presstfdese thin bands resonance-EMAT method holds promise then for developing

open and close when the acoustic wave impinges on thenmto a means by which we predict the remaining life of a

and they distort the waveform, making a strong nonlinearityfatigued steel.

source. In the present case, they are at many sites, since the (4) The first nonlinearity peak responds to crack nucle-

crack shape is shallow and semiellipsoidal with relativelyation and then coalescences, which is supported by the

uniform size. The nonlinearity should then increase as theurface-crack observation.

number of small cracks increases. In Fig. 5, the crack density  (5) The second nonlinearity peak is synchronized with

correlates with the nonlinearity prior to the first peak, wherethe attenuation peak and is induced by the temporal increase

the crack length remains unchanged and the number dff free dislocations.

cracks monotonically increases. In the course of fatigue, the1J . Richardson, Int. J. Eng. S7, 73 (1679

small cra}cks coalesce with each other and start to grow in% 5 T W L. Morris, and %'. M. Richardson, Appl. Phys. Lag, 371
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