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Fatigue cracks are usually initiated by small geometrical irregularities or material inhomogeneities
that give rise to sharp local stress concentrations. In the early stages of fatigue, small cracks often
remain hidden from conventional ultrasonic detection by stronger scattering from the very same
structural imperfection that produced them in the first place. A new experimental method was
developed to selectively increase the sensitivity of ultrasonic echographic techniques for such
hidden fatigue cracks by exploiting one of their most characteristic features, their susceptibility for
closure under compressive stress. Thermo-optical modulation by pulsed infrared laser irradiation
was introduced to produce a temporary compressive thermal stress on the surface of the specimen.
The resulting dynamic closure of microcracks was detected by a high-frequency ultrasonic surface
wave technique. It is demonstrated that this method can be used to effectively distinguish fatigue
cracks from other structural imperfections present in the material1968 American Institute of
Physics[S0021-897@8)09312-9

I. INTRODUCTION ways for future applications due to its noncontacting and
remote naturé.Unfortunately, all of these techniques tend to
Positive identification of small fatigue cracks presents gose sensitivity when adapted to in-field inspection of large,
challenging problem during nondestructive testing of fatiguecomplex structures dn situ monitoring of a fatigue test.
damaged structures. First, it is important to distinguish fa- 19 3 |large degree, this insensitivity is due to the fact that
tigue cracks from primary geometrical featufesg., nearby  fatigue cracks are usually initiated by small geometrical ir-
holes, corners, and edgesnd secondary irregularitié®.g.,  regularities or material inhomogeneities that give rise to
uneven machining, mechanical wear, corrosion,)e®ec-  ghary |ocal stress concentrations. In the early stages of fa-
ond, it is important to distinguish small fatigue cracks asjg;e small cracks often are hidden from ultrasonic detection
_earIy as pos§|_ble after crack initiation f_rom intrinsic mater_|al by stronger scattering from the very same structural imper-
inhomogeneities such as coarse grains, anomalous MICTR: ction that produced them in the first place. In other words,

structure, second phases, precipitates, porosity, various tyngnaII fatigue cracks are undetectable not necessarily because

of relnforcer_nen_t, ete. The detection threshold .Of any gively, o scattered wave they produce is weak in an absolute sense,
nondestructive inspection system, together with the crac ut because it is weak relative to other signals produced by
growth rate and the critical crack size, determine the mini-

. . inherent inhomogeneities such as the coarse grain structure.
mum frequency of inspection necessary to prevent Strucwr%l/arious signal processing techniques have been studied in
failure. An ever increasing demand for earlier detection of ghal processing qu o . .

rder to reduce this inherent material noise, including split

fatigue damage is fueled by the fact that small cracks hav8 ¢ irkg.cut i i let
been found to grow at unexpectedly high growth rates welPPECIIUM  processing,cut spectrium. processingwavele
below the large crack threshold in aluminum, aluminum-transform techniqué,etc. However, since these techniques

lithium, and titanium alloys. For example, extensive &€ all based upon the nonspecular properties of grain scat-
multiple-site fatigue cracking may develop in airframe struc-€11ng. they can only be used efficiently when the grain size,
tures before it can be reliably detected by any of the cur® more generally the characteristic dimension of the com-
rently available nondestructive evaluation techniques- — Peting mmrostructurgl feature, is orQerg of magnitude _smaller
der laboratory conditions, a great variety of nondestructivéhan the targeted fatigue crack, which is not the case in many
evaluation(NDE) techniques are available for early fatigue @erospace materials with relatively coarse grain structure like
damage detection and characterization. These techniques ianium alloys. Furthermore, in most practical applications
clude acoustic emission, linear and nonlinear ultrasonics, vithe weak fatigue crack signal competes with a single, large
bration analysis, eddy current inspection, magnetics, thermartifact when the anomalous reflector is comparable or larger
imaging, x ray, etc. Three novel NDE techniques, namelythan the acoustic wavelength. It should be mentioned that the
holographic interferometry, structural integrity monitoring, more recently developed neural network technique provides
and laser ultrasonic inspection, which allow simultaneougnother way to identify fatigue cracRdt is actually another
detection of numerous smdless than 1 micracks over a  kind of signal processing technique using flaw classification
large area, have been reviewed receftlaser ultrasonics in ~ algorithms instead of direct filtering at the cost of much more
particular has been recognized as one of the most promisinigtensive computations.
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expanded ligament  ,S0mpressive. simpler approgch, it is only the size of the open fraction of
ension g, Ei the crgck that increases and decregses under tensile and cqm-
~ pressive normal stresses, respectively. Actually, the transi-
unloaded ﬁ tion between the open and closed parts is more continuous.
T According to more realistic models of crack closure, the
compression stiffness of the interface contact between the opposite sur-

faces of the crack undergoes a parametric modulation by the
changing normal stress, as it is shown in Fig. 1. In the com-
pression phase, the interfacial stiffness becomes increasingly
high as the crack becomes tightly closed. In contrast, in the
' compression I tension phase, the interfacial stiffness approaches zero as the
— crack becomes fully open. The parametric modulation of the
ultrasonic scattering from the crack is caused by the stress
dependence of the interfacial stiffness between the opposite
faces of the fatigue crack. The resulting nonlinearity is zero
for both entirely open and entirely closed cracks. Due to
local residual stresses in the material, typical fatigue cracks
o , , __are partially closed when the external load is removed and
FIG. 1. Schematic illustration of crack closure as parametric modulation of . . . .
the interfacial stifiness by the changing normal stress. generate strong excess nonllnearlt_y via crack closurg. Th|s
effect can be exploited through different ways to signifi-
cantly improve the detectability of small cracks.

Perhaps the simplest way to observe crack closure under
laboratory conditions is to ultrasonically monitor the opening

Generally, linear acoustic characteristitattenuation, and closing of fatigue cracks when subjecting the specimen
velocity, backscattering, ejcare not sufficiently sensitive to 10 static or quasi-static external loading. The technical real-
very small fatigue cracks. On the other hand, it has beefzation of the acousto-elastic method must incorporate two
noted that in a great variety of structural materials even veryasks. One is to find an effective way to generate crack clo-
small fatigue damage can produce very significant excessure in the specimen, i.e., the “elastic” problem. The other
nonlinearity, which can be orders of magnitude higher tharis to find a way to monitor the resulting parametric modula-
the intrinsic nonlinearity of the intact materialThe excess tion by ultrasonic means, i.e., the “acoustic” problem. The
nonlinearity is produced by the strong local nonlinearity of amodulation stress may be generated through different ways
microcrack whose opening is smaller than the particle dissuch as external cyclic loading in a typical fatigue test
placement. There are two basic types of nonlinear phenonexploiting the inherent vibration of the structure itself during
ena that can be exploited for enhanced crack detection. In theperation:?> The main disadvantage of using external me-
so-called harmonic generation method a narrow-band, highshanical loading is that usually the whole structure must be
amplitude ultrasonic vibration itself produces sufficient par-loaded, which requires very substantial forces and might
ticle displacements on the surface of the crack, that result isgause additional damage in certain parts of the structure.
partial temporal crack closure, which in turn exhibits itself in More localized temporary stresses can be produced by sim-
the generation of second, third, and higher harmonics of thely cooling or warming the specimen to be tesfeas we are
fundamental ultrasonic frequency in the reflected and transgoing to demonstrate later.
mitted waves2*1In the so-called acousto-elastic method the  In order to detect and quantitatively measure the result-
low-amplitude ultrasonic vibration itself produces but negli-ing parametric modulation, the detected ultrasonic wave
gible particle displacements on the surface of the crack whiléorm can be processed and analyzed by different methods
a static or very slow quasi-static external load is applied tadepending on the degree of modulation. The simplest asyn-
produce the high-amplitude elastic deformation required fochronous method is based on signal differentiation achieved
partial crack closuré.n this study we shall consider a varia- by continuously subtracting from the detected wave its most
tion of this acousto-elastic technique, when the partial crackecent running average taken over a few secdidduch
closure is conveniently produced by localized thermalsimple signal processing is readily available on most state-
stresses. of-the-art digital flaw detectors. However, the asynchronous

Figure 1 shows the schematic diagram of a partiallymethod cannot distinguish between the periodic modulation
closed fatigue crack under varying normal stress. The centaraused by cyclic loading and the essentially random extrane-
of the fatigue crack is usually open due to the plastic elonous modulation caused by artifacts such as thermal drift or
gation of the ligament connecting the tips that occurs duringnaterial creep. Much better selectivity can be achieved by
the nucleation and growth of the crack. At the same time, thgphase-sensitive synchronous detection when only variations
tips of the same crack are usually tightly closed by compresmaintaining a constant phase relation with the excitation sig-
sive residual stresses resulting from the same plastic defonal over a long integration period are measured. The sche-
mation. The temporal modulation of the ultrasonic scatteringnatic diagram of phase-locked synchronous detection of
from such a partially closed fatigue crack under varying nor-crack closure is shown in Fig. 2. As an example, Fig. 3
mal stress can be interpreted in two ways. According to theshows the effects of ordinary asynchronous time-averaging

Interfacial Stiffness

__ unloaded

-1 -0.5 0

Il. CRACK CLOSURE



J. Appl. Phys., Vol. 83, No. 12, 15 June 1998 H. Xiao and P. B. Nagy 7455

Physical System TABLE |I. List of the fatigue specimens used in this study.
External
Modulation 1.D. Type Cyclé Length (mm)
Ref. saw-cut n/a 3 mm
#9 fatigue crack 1.7810° 0.61 mm
#10 fatigue crack 1.6910° 1.25 mm
#11 fatigue crack 1.7810° 1.75 mm

AMaximum load 28.6 ksi, load ratio 0.9, frequency 29 Hz, 2024 Al.

G Synchronous
Integrator IIl. DYNAMIC CRACK CLOSURE DUE TO THERMAL
STRESSES

As we have mentioned in the previous section, an alter-
FIG. 2. Schematic diagram of phase-locked synchronous detection of crag§gtijve way of producing dynamic crack closure is by cooling
closure. or warming. It is well known that temperature variations can
lead to extremely high levels of internal stresses in materials

and synchronougphase-lockedtime-averaging on the de- hgving constituents of. different thermgl expansign coeffi-
tected signal® Ordinary time-averaging routinely used in Ciénts. For example, in a metal matrix composite strong
digital ultrasonic flaw detectors eliminates only the truly in- Static stresses can be produced just by slowly cooling or
coherent electrical noise without discriminating between faWarming the specimen. Of course, the same approach would
tigue cracks and artifacts. In comparison, synchronous dete@0t Work in essentially homogeneous materials such as an
tion also eliminates time-invariant artifacts by alternating theluminum airframe part or a titanium alloy engine compo-
sign associated with the detected signal before averaging d8ent. However, dynamic thermal stresses can still be pro-
pending on whether it was taken during crack opening ofluced by rapid and concentrated cool!ng and heating. These
closure. The only retained phase-locked dynamic componerfiresses are temporary only as they disappear when the tem-
is the difference of the reflected echoes from the tip of aPerature gradients vanish due to the thermal conductivity of
fatigue crack in its closing and opening states. This signal i$he material. _ _

mainly caused by the nonlinear effect of tension and com- The fea5|plllty _Of producing O_lynamlclcrack closure by
pression stresses on the interfacial stiffness between the oficalized cooling with a commercial freezing spray has been
posite faces of the partially closed fatigue crack, while othe@lréady demonstrated on 2024 aluminum four-point bending
scatterers, including fully open large cracks, are eliminatedSPecimens? According to our measurements100 W cool-

It should be mentioned that this kind of synchronousing POwer can be delivered in this way to a small spot of
modulation has also been used successfully in some othgr0-100 in. diameter. We have used this technique to tempo-
kinds of nondestructive testing techniques such as eddy cufarily deform a series of 6 ix 1 in.X 1/2 in. 2024 aluminum
rent inspectiol’ and acoustic emissiofl. Furthermore, the ~bars containing fatigue cracksee Table)l The deformation
nonlinear effect of crack closure could also be exploited@s two principal contributions which can be separated easily
through some other ways to increase the detectability of fabased on their different time-dependence. Figure 4 illustrates
tigue cracks, such as measurement of “harmonic moddhese two deformations in a schematic way. First, there is an
shapes” during vibratiol? and monitoring of strain wave almost ins_tantaneous bending def_ormation caused by the
functions under a random lodf.In fact, any significant thrqggh-thmkness temperature g_rad|ent, which can be readily
change in structural and material characteristics under exteerified by measuring the end displacement of the bar. Sec-

nal deformation can be a telltale indication of fatigue crackond. there is a “necking” deformation caused by the axial
somewhere in the structure. temperature gradient, which can be also verified by measur-

ing the internal temperature at the center during and imme-
diately after cooling® During cooling, the temperature de-
creases rapidly. Afterwards, the temperature increases
exponentially with a time constant ef5 s until it equalizes

noisy signal over the whole length of the specimen. Naturally, there is
also an additional, much slower warming as the specimen

| asynchronous returns to the ambient temperature via thermal conduction
] averaging through the surrounding air.

Figure 5 shows the effect of initial crack opening and
\IWV‘ synchronous subsequent crack closure on the ultrasonic reflection from

Ultrasonic Signal [a. u.]

v

\ averaging the four _specimens listed in Table I. The measurements were
Crack made wih a 5 MHz surface wave transducer. The cooling
; ' spray was applied for-1.5 s at the opposite side of the
specimen. The signal from the reference specimen was
FIG. 3. The effects of ordinary asynchronous time-averaging and synchroStfong but remarkably stable. The signals from the other
nous(phase-lockedtime-averaging on the detected signal. three specimens exhibited a distinctive modulation upon

Time [2 ps/div]
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FIG. 6. The effect of the inspection frequency on the strength of the ampli-
tude modulation(sample #11

thermally induced crack closure is stronger at lower fre-
quency, where the changing interfacial stiffness has a stron-
ger effect on the scattering from the crack.

Dynamic cooling or warming have numerous advantages
over cyclic mechanical loading. For example, mechanical
loading can cause instability in the structure and may require
FIG. 4. Initial crack openinga) caused by bending due to the through- complicated fixtures for components of different sizes and
thickness temperature gradient and subsequent crack cléguraused by shapes. Furthermore, it tends to produce only one-
hecking due to the axial temperature gradient. dimensional tension and compression stresses and thus it is

difficult to generate crack closure in unknown directions. In

contrast, dynamic cooling and warming can generate three-
cooling. The characteristic shape of the modulation well cordimensional compression or tension stresses at one time and
responds to the expected deformation. First, an instantaneotfsus are suitable for detection of fatigue cracks with different
bending deformation causes crack opening, thereby increas¥ientations. However, in the case of the dynamic cooling
ing the ultrasonic reflection from the crack. Later, a subsemethod, the cooling spray has to be applied at the opposite
quent contraction causes a lagging crack closure, thereby deide of the specimen in order to avoid its strong attenuating
creasing the signal for a substantial time after the coolingeffect on the ultrasonic Rayleigh wave propagating along the
The characteristic modulation of the ultrasonic signal readilysurface of the specimen. Additional limitations of this tech-
reveals the presence of partially closed fatigue cracks in theique are associated with modest cooling power available
specimens. It is important to point out that this techniquefrom commercial sprays, the difficulty of concentrating the
measures the degree of modulation due to crack closurgpray over a small spot, and the inherent variability of the
rather than the absolute magnitude of the scattering. Thigroduced cooling. In comparison, laser irradiation can easily
point can be readily demonstrated through the frequency dedvercome these limitations, thereby offering a better alterna-
pendence of the measured modulation. Figure 6 shows tHéve for increasing the sensitivity of ultrasonic detection of
amplitude modulation measured on sample #11 at two diffatigue cracks by dynamic crack closure.
ferent ultrasonic frequencies. Although the signal itself in-
creases with frequency, the dynamic modulation due to thé&/. THERMO-OPTICAL MODULATION

In the following we investigate the possibility of using
laser irradiation to produce dynamic crack closure. Laser ul-
trasonics is a new nondestructive materials characterization
technology which combines the ability of ultrasonic inspec-

W tion with the flexibility of optical method$ This method has
] already shown its potential in numerous applications for the

reference

i;‘ ____,,/‘\\ #10 aerospace industry and other demanding applications. When
2 ' ~ relatively low-intensity & 10° W/cn?) radiation is incident
g 411 on a metal surface, some of the light energy is absorbed via

electrons in the conduction band and converted into heat,
while the rest is reflected. The absorbed energy is dissipated
within a few nanometers of the surface, producing a rapid
0 3 10 15 20 rise in temperature. The thickness of the heated layer in-

Time [s] creases with time as heat is conducted into the bulk of the

FIG. 5. The effect of initial crack opening and subsequent crack closure ormate'_’ial- In the case ‘_Jf a_Short pulse of less thapslin
the ultrasonic reflection from four specimens listed in Table I. duration, the sudden rise in the surface layer's temperature
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FIG. 7. Schematic diagram of the experimental arrangement with thermo-

optical modulation. Time [20 ps/div]

FIG. 8. Sequential diagram of the synchronized optical and ultrasonic
pulses.
causes ultrasonic radiation via thermal expansion. By in-

creasing the length of the optical pulse to approximately 100
s, the direct generation of ultrasound can be eliminated anghe laser to produce two pulses for each irradiation; one di-
the resulting thermal stresses can be exploited to producectly following the laser pulse with an adjustable delay of
parametric modulation by dynamic crack closure. Laser irraup to 300us and the other delayed by a fixed amount of 10
diation is a rather efficient way to generate crack closurens. The first pulse interrogates the crack when it is “hot”
since it is very easy to control and operate while maintainingyhile the second one provides a “cold” reference. Figure 8
the noncontact, remote nature of laser ultrasonics. Since 8hows the sequential diagram of the synchronized optical
does not produce acoustic loading on the free surface of thgnd ultrasonic pulses. Only the “hot” ultrasonic pulse is
specimen, it can be applied directly to the spot to be inshown which reaches the location of inspection when the
spected. Furthermore, the short duration of the heating las@ompressive thermal stress is maximum. The “cold” ultra-
pulse allows us to produce higher temperature gradients, angbnic pulse is launched 10 ms later when the compressive
consequently higher thermal stresses, without significantlgtress has completely diminished and it is not shown in Fig.
warming the specimen. 8. It should be mentioned that the actual delay between the
Figure 7 shows the schematic diagram of the experimenstart of the laser irradiation and the arrival of the ultrasonic
tal arrangement with thermooptical modulation. The crack iSpu|S€ at the location of inspection includes not 0n|y the ad-
located at the surface of the specimen. The region of interegiistable synchronization delay between the laser and the ul-
is continuously monitored by an ultrasonic flaw detectortrasonic transmitter but also the approximately 26 one-
emitting a surface acoustic wave and operating in pulse-ech@ay propagation delay from the transducer to the crack.
mode. Surface waves carry most of their energy in a shallow  Figure 9 shows the backscattered ultrasonic echo re-
layer of less than one wavelength below the surface, thereeived from a specimef#11) which contains a starter notch
fore they offer unique sensitivity to near-surface variations inthat is hiding a small fatigue crack and an additional surface
material properties. However, weak reflected signals fromscratch made after the fatigue cycling. This measurement
small cracks cannot be unequivocally distinguished fromyas taken at 5 MHz, when both the real and artifact signals
scattering from intrinsic inhomogeneities and surface irreguwere approximately 18 dB above the grain noise. Our main
larities. Such hidden cracks can be revealed by monitoringoal here is to demonstrate the ability of the thermo-optical
the variation of the detected ultrasonic signal as the surfacgrack-closure technique to unequivocally distinguish real fa-

temperature is abruptly increased. The sharp temperature riggue cracks from comparable artifacts. From this figure we
produced by laser irradiation is accomplished by a strong

temporal compressive stress as the extending “skin” be-
comes too large for the bulk of the material. A

In order to optimize the sensitivity of the thermo-optical 1 S"'mf”m e oreh & fadgue crack
modulation technique, we have to maximize the temperature ]
gradients causing the thermal stress. This can be achieved by
either increasing the total optical power or by reducing the
length of the irradiation period, but certain limitations have
to be complied with in order to avoid permanent surface
damage on the specimen and direct ultrasonic surface wave
generation by the induced thermal stresses. We have used a
long-pulse Brilliant Nd:YAG laser without Q-switching that . . .
produces 12Qss-long pulses of 360 mJ total energy at 1.06 20 30 40 50 60
pum near-infrared wavelength at 50 Hz repetition frequency. Time [ps]
The detgc_ted ultrasonic signal was analyzed by a prC'gran’:-lG. 9. The backscattered ultrasonic echo received from a spedcitidn
mable digital peak detector that assures excellent accuragyich contains a starter notch that is hiding a small fatigue crack and an
and repeatability. The ultrasonic pulser is synchronized tadditional surface scratch made after fatigue cycling.

Amplitude [a. u.]
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FIG. 12. Scanning of the area to be inspected by the pulsed-laser beam.

Amplitude [a..u.]

surface scratch

Time [10 ms/div]

FIG. 10. Identification of a fatigue crack by laser-induced crack closure. from the same specimen as a function of synchronization
delay. Strong crack closure occurs between 40 and4$0

after the beginning of the laser irradiation. The maximum
can see that the echo reflected from the surface scratch hﬁ'?odulation is approximately 0.06 dB, roughly six times

almost the same amplitude as the one from the fatigue CracIlﬁgher than the 0.01 dB standard deviation of individual am-

and thus may cause false alarms in ponve_ntional INSpectioniy ye measurements done by our digital data acquisition
Furthermore, the fatigue crack is pamal_ly_hldden by the ed_ nd processing system. Since both hot and cold measure-

Fnents are continuously refreshed at the 50 Hz repetition fre-

rather typical that the geometrical feature or material |mper—quency of the pulsed laser, the accuracy of the phase-locked

fection that produces the stress concentration, which will u"synchronous demodulator ava 1 sintegration time is as

timately start the fatigue crack, itself produces an ultrasonicgood as 0.0015 dB. It should be mentioned that these mea-
echo that is difficult to distinguish from the initially weaker ¢ .o .oicvare Gone at 5 MHz and the crack-closure modu-

scatéerlng 01|‘ t_he fe:jtlgue (_:rack. kecl dulati . lation is approximately 60% higher at 2.25 MHz, as it was
y applying dynamic crack-closure mo uat_lon V12 found in a previous experiment. Furthermore, the modulation
pulsed-laser irradiation, the fatigue crack can be identifie

: ) . _ an be easily increased by a factor of 4 via blackening the
very easily. Figure 10 shows the different modulation IevelsSurface with a permanent marker, which increases the other-
for the surface scratch and the fatigue crack. The two tracesi<o rather low absorption of laser power in aluminum

on the top show that every second ultrasonic signal reaches The magnitude, spatial extent, and temporal variation of

the |n.sp(‘a‘cte<,j, area just after !aser |r_rad|at|on, 1€, When thfhe thermo-optically induced compressive stress depends on
area is “hot” and any possible fgtlgue crack is slightly 5 \mper of material properties including optical absorption,
closed by the resulting compressive ther.m al stress. Thfﬁermal conductivity, specific heat, thermal expansion coef-
lower two traces show the output of the digital sample'hOIdficient, etc. Generally, the affected area where crack closure

unit that measures the peak_ Of. the ultrasonic backrefle_cnogan be expected is slightly larger than the actually irradiated
for every ultrasonic transmission. Clearly, the reflectlonsspot_ The localized nature of the induced stress is an impor-
from the “hot” fatigue crack are lower than those from the

. . ) tant advantage of the thermo-optical modulation by pulsed-
“cold” one. This strong thermo-optical modulation of the J P yp

. . ) - . laser irradiation over the previously described mechanical
ultrasonic signal is uniquely characteristic to partially closedI

fati ks, | : h dulati . fgading and cooling methods. The maximum modulation
apgue cracks. In comparison, t € mot uatlpn assoclatel, | can be achieved by focusing the laser beam to the
with the surface scratch is negligible since it lacks thos

o X S&mallest spot size that can be maintained on the surface with-

characteristic features that render a real fatigue crack particys, + causing permanent damage. However, a larger diameter

IarIngensm\ﬁ tohdynar?rllc crack closdure. litud dulati laser beam allows us to detect cracks in a larger area without
\gure shows the measured amplitude modula Ior?1aving to focus the laser exactly to the tip of the crack. The

received ultrasonic signal contains backscattering informa-

some lateral scanning of the laser beam might be also nec-
|H|H|H ‘lHlHl‘ M essary. Figure 12 shows the schematic diagram of how the

‘ area to be inspected can be scanned by the pulsed laser beam
whenever the total inspection area and the available laser
power do not facilitate simultaneous inspection. The actual
FIG. 11. Measured amplitude modulation from the fatigue ci#dd) as a ~ SiZ€ Of the area where strong crack closure can be expected
function of synchronization delay. can be easily determined by experimental means. Figure 13

0.08 tion from a long range along the propagation path of the
_ acoustic beam, but only a fraction of this path is actually
g 0.06 | irradiated by the pulsed laser light. Unless the approximate
g location of the suspected crack is already known, full cover-
‘:; 008 | age of the acoustic path necessitates the axial scanning of the
s laser beam. Furthermore, the ultrasonic beam is usually sig-
g 00 nificantly wider than the modulating laser beam, therefore
el |

0 40 80 120 160 200 240 280
Total Time Delay [us]
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0.08 practical except during real-time monitoring of fatigue cy-
cling. Even then, the overall mechanical deformation and
vibration of the specimen causes instability and artifacts
might be mistakenly identified as fatigue cracks. Alterna-
tively, localized dynamic thermal stresses produced by laser
irradiation can be used to produce crack closure without ad-
verse deformations and vibrations in the specimen as a
whole. Infrared laser excitation offers an attractive way to
produce the necessary compressive stresses as the suspected
area can be optically scanned while the ultrasonic scattering
is monitored by either conventional contact or more sophis-
ticated laser-ultrasonic means.
FIG. 13. Variation of the measured amplitude modulation due to thermal Like other techniques, the suggested thermo-optical
cre_lckclosure as the laser beam is scanned over the area containing the S”Iﬂbdulation technique also has its limitations. Fully open
fatigue crack. . .

cracks, which are usually easier to detect by other tech-

niques, do not produce significant crack closure since the

shows the variation of the measured amplitude modulatioHrOduced thermal stress levels are rather modest. Although
due to thermal crack closure as the laser beam is scann&dPSt fatigue cracks are initiated at or close to the surface,
over the area containing the small fatigue crack. The diams0Me cracks might also occur deep insidg the material. SQCh
eter of the active spot where strong crack closure occurs i§/2cKks could not be detected by ultrasonic surface wave in-

approximately 0.150 in., about four times the diameter of the?P€ction in the first place because of the small penetration
unfocused laser beam used to heat the specimen depth of the surface wave itself. Furthermore, even if we

used bulk ultrasonic waves to interrogate the specimen, op-

tically induced thermal stresses could not be used to produce
V. SUMMARY AND CONCLUSIONS crack closure at larger depths since they are also limited to
the close vicinity of the surface. In order to better understand
crimination of real fatigue cracks from artifact signals pro- he range of applicability of our technique, we are currently
duced by other scattering objects unrelated to fatigue damagdgvestigating the depth dependence of the dynamic thermal
based on dynamic crack-closure modulation. We have dentrésses by finite element simulation. Finally, it should be
onstrated experimentally the feasibility of fatigue crack iden-€MPhasized that in its present form, the thermo-optical crack
tification by thermo-optical crack closure in aluminum. By ¢losure technique cannot be readily adapted for field inspec-
this technique, otherwise dubious flaw indications that ardion to detect flaws at unknown locations. Its main advantage
partially or fully immersed in grain and structural noise 'S itS unique sensitivity to distinguish real fatigue crack ini-
could be recovered and identified positively without necestiation from artifact signals associated with the very struc-
sarily raising the number of false alarms. It is expected thafUral features that produce the stress concentration which
the sensitivity of the synchronous thermo-optical modulatiorght generate the fatigue crack. For example, it can be used
technique can be further increased by decreasing the opticl] r€al-time monitoring of fatigue testing to detect the exact
wavelength so that a larger fraction of the irradiating powePCint of crack initiation from a starter notch.
can be absorbed in the specimen.
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