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INTRODUCTION
SAW-NDE techniques make it possible to utilize interactions between
acoustic waves and small surface cracks to obtain important information
about fatigue behavior during crack growth measurements. such as crack
depth and opening behavior below the surface.
Progress has been made in refinement of a theoretical model for
determining microcrack depth based on optical measurements of crack
length on the surface and SAW measurement of crack reflection
1-4
coefficients. In particular, the scattering model of Resch et al
has
demonstrated the ability of the SAW technique to obtain microcrack depth
in Pyrex glass and 707S-T6 aluminum specimens. In the results reported
here. the SAW technique. with the improved scattering model, was used to
determine crack depth in quenched and tempered 4340 steel specimens. In
addition, measurements of the reflection coefficient from a microcrack
in a 707S-T6 specimen showed that the crack opening behavior can be
monitored during a fatigue experiment. Comparisons of acoustically
determined opening behavior with that obtained from scanning electron
microscope measurements of crack mouth opening displacement (CMOD) show
that SAW techniques can reveal changes in opening behavior below the
surface that are not detected by conventional techniques which rely only
on information at the surface. Changes in opening stress with crack
growth are reported.
IMPROVEMENTS IN ACOUSTIC THEORY
Scattering Model of Resch et ale
KinoS and Auld 6 have developed a general scattering theory which
describes the relative wave amplitude scattered from one transducer to
another by a void of arbitrary shape. They have shown that the
reflection coefficient of a Rayleigh wave normally incident on a small
surface crack growing normal to the surface can be written as:
Ar
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where ~ is the amplitude of the reflected signal from the crack, Ai is
the amptitude of the incident signal, P is the input power to the
transmitting tiansducer, w is the frequency of the Rayleigh wave,
j = 1-1, and 1jI is the elastic energy released by a surface crack 4 in the
stress field of a surface acoustic wave, which can be written as :
2
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where v is Poisson's ratio, E is the modulus of elasticity, p is the
shortest distance between the origin and tangent line at a given point
s as shown in Fig. 1, KI is the mode I stress intensity factor, and S
is the line around the crack edge. For the case of
surface crack in a
finite plate subjected to pure bending, Smith et al. have numerically
evaluated the stress intensity factor Saround the edge of a half-penny
shaped crack for v = 1/3. Tien et al. showed that these results can
be used to calculate approximately the perturbed stress fields at a
half-penny shaped surface crack experiencing the stresses due to a
Rayleigh wave, under the limitation that ka < 1, where k = 2n/~ = wave
number of the SAW (~= wavelength)I~~d a is the maximum crack depth.
Using Tien's results, Resch et al.
have shown that the maximum crack
depth, a, of a surface crack can be evaluated by acoustically measuring
the SAW reflection coefficient from a crack and optically measuring its
surface length, 2c.

1

Improved Model
In order to calculate the reflection coefficient, S21' as defined
in Eqn. 1, the distribution of stress intensity factor around the crack
edge is neede~. The improved model uses the mode I stress intensity
factor results for semi-elli~tical surface cracks in a plate in pure
bending from Newman and Raju , valid for variable crack aspect ratio,
a/c, between zero and unity and for v equal to 0.3. This is more
appropriate for evaluation of experimental studies using steel
samples. The use of Newman and Raju's results accounts for the effects
of ellipticity of the crack shape as well as of the non-uniform stress
field of a SAW on the magnitude of the reflection coefficient from a
crack. As seen in Eqn. 2, to evaluate the elastic energy released by a
surface crack in the stress field of surface acoustic wave, a numerical
integration of stress intensity factor around the crack edge was needed
in the new model. Reflection coefficient versus normalized crack depth
for a half-penny shaped surface crack using the two models is given in
Fig. 2. (The half-penny shape was selected for comparison purposes.
The new model can handle variable crack aspect ratio, a/c.) The solid
line in this figure shows the results of the model of Resch et al. for
v= 1/3 and the dashed line shows the results of the improved model
for v = 0.30.
Up to ka of about 0.6, results from both models are
close but as ka becomes larger, the difference increases, to about 25%
at ka '" 1.0.
The results of acoustically predicted crack depth versus post
fracture measured depth, utilizing the new model, are shown in Fig. 3.
Excellent acoustic predictions of crack depth in quenched and tempered
4340 steel are obtained.
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c = half crack length on surface
a = maximum crack depth.
Figure 1.
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Schematic of semi-elliptical surface crack.
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Acoustically predicted
crack depth versus
measured post-fracture
crack depth.
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STUDYING SHORT CRACK GROWTH BEHAVIOR BY USING A SAW/SEM TECHNIQUE
Morris et al. 10- 11 have demonstrated the feasibility of crack mouth
opening displacement (CMOD) and crack tip opening displacement (CTOD)
measurements in a SEM for determining the opening behavior of small
surface cracks. The procedure is to make measurements of CMOD and CTOD
for a specimen containing a microcrack while it is under static load in
the vacuum chamber of an SEM. Opening stress is taken as the point
where the slope of CMOD (or CTOD) versus stress changes markedly, as
depicted in Fig. 4. It is important to know the opening stress since
the effective stress range driving crack growth is the difference
between the maximum applied stress and opening stress.
We are conducting a set of experiments to investigate the relationship between the optically determined crack opening stress, a , and the
stress at which saturation of the SAW reflection coefficient ggcurs,
a
• Saturation stress is that value of stress at which the reflection
cg~~ficient reaches a constant maximum value, corresponding to a crack
fully open in depth. See Fig. 5. The fatigue specimen and cantilevered flexure jig used for CMOD measurements in an SEM are shown in
Fig. 6. Specimens are prepared for combined SAW/SEM testing as follows:
o Start with a specimen of 6 mm thickness.
o Pin point laser burn it to initiate a damage zone in the area we
want to crack.
o Conduct fatigue crack initiation and growth testing until a crack
size of '" 100 lJII to 200 ).IIll surface length is obtained.
o Shave the surface until a minimum detectable crack size with the
SAW technique is obtained.
o Bring the specimen thickness to 5 mm by removing material from
the side opposite the crack.
o Attach a strain-gage on the opposite side of the specimen to
measure the stress throughout the fatigue test and during loading
in the SEM jig.
Measurements of SAW reflection coefficient are made in a fatigue
testing machine with the specimen in cantilevered bending by adjusting
the specimen deflection to give the desired strain levels. After
fatigue cycling and the acoustic measurements are completed, the
specimen is then removed from the testing machine, mounted on the small
flexure jig shown in Fig. 6, and placed in the chamber of an SEM. For
the particular value of stress (strain) being studied, the CMOD is then
measured at a magnification of approximately 50,000 X. Then the
specimen is returned for additional fatigue cycling and the measurements
repeated. Recent complete results from one of these specimens, made of
7075-T651 aluminum, are given in Figs. 4 and 5. In this experiment,
changes in opening behavior of a small surface crack are evaluated at
intervals of: N=O, 19,950, 28,650, 37,100, 53,180, and 84,500 cycles
for a fully reversed constant stress amplitude of ± 75% of the cyclic
yield stress, or approximately 375 MPa.
Fig. 7 shows changes in the saturation stress and in the opening
stress determined by CMOD measurements during the course of fatigue
testing. Fig. 8 shows the change in the crack aspect ratio, a/c, with
number of fatigue cycles. The SAW technique is able to monitor how the
crack aspect ratio varies with growth, knowledge of which is very
important in calculating stress intensity factor or other parameters
which may be used to try to correlate crack growth behavior. Such
information cannot, of course, be obtained only from surface
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Reflection coefficient vs. applied stress.
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measurements. Fig. 9 shows the complete map of crack opening behavior
with number of fatigue cycles. In this figure the change in saturation
stress, a t' and opening stress, a , during the test are shown.
During th~aexperiment when the appl~gd stress is equal to a , the crack
is starting to open on the surface and when it is equal to gp , the
sat
crack is fully open. In other words, from a to a t' it is partially
0
open and above a , up to a
, it is fully 8pen. Sf1g. 10 shows the
sat
max
change in mode I stress intensity factor range, AK I , versus number of
fatigue cycles. Here, stress intensity factor is calculated based on
the applied stress range uSing Newman and Raju's stress intensity factor
solutions for surface cracks under bending. The line with triangles
shows the change in ~ at the maximum crack depth and the line with
squares shows the change in AK at the surface. Although AK at
the maximum depth was higher tfian AKI at the surface for mos! the
cycles, as seen in Fig. 10, a crossover occurred as crack aspect ratio,
a/c, increased.
10-11
Morris and Buck
defined effective stress range as:
(3)

Acoustically measured saturation stress, a
, shows the applied
stress at which crack faces are fully separated.sat Then one can also
propose an effective stress range as:
a

max

-

a

sat

(4)

In Fig. 11, the line with squares shows ~aeff1 versus number of fatigue
cycles and the line with triangles ~a f£2'
Based on these effective
stress ranges, one can calculate effe~tlve stress intensity factor
ranges. As indicated in Fig. 12, the use of AKeff based on Eqn. 4 may
not be a useful concept for correlating crack growth rate. In any case,
these preliminary results show that SAW measurement of opening behavior
reveals information about small surface fatigue crack growth that is not
detected by more conventional techniques.
Residual Stresses
It is known that the state of residual stress in a test specimen
can significantly affect the growth behavior of microcracks. The
preliminary experiments were done to check the SAW/SEM technique.
Experiments now underway are monitoring surface residual stresses by
X-ray diffraction in order to provide additional information to help
interpret crack behavior.
CONCLUSIONS
1.
2.

An improved acoustic model provided excellent predictions of micro-

crack depth in 4340 steel.
A combined SAW/SEM technique was able to monitor:
(a) Changes in crack aspect ratio, a/c, during growth,
(b) Changes in effective stress intensity factor range, AKeff , in
depth and at the surface, and
(c) When the crack is fully open in depth.
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Crack opening behavior versus number of fatigue
cycles.
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111

SMALL FATIGUE CRACKS IN ALUMINUM AND STEEL

•

Au."

at surface

•

Au."

at max. depth

°O~L-~20--L-40~~-L~~~~~100

KILOCYCLES
Figure 11.

N

Change in effective stress range with number of
fatigue cycles •

../
. . . .P/dN

VL

AK.,f

• dc"'/dN

¥L

A Keff

2

,

~7L-__-L__~J-~~LU~__- L__L-~~~UU

1(;'

10°

10'

AK.ff (MPa.Jiil)

Figure 12.

Crack growth rate versus effective stress intensity
factor range.

H. H. YUCE ET AL.

112

FUTURE WORK
We plan to study:
(a) Small crack growth behavior in 300-M and 4140 steels,
(b) The effects of surface residual stresses on crack growth,
(c) The interaction of small crack growth with microstructural
features such as inclusions and prior austenite grain
boundaries, at different applied stress amplitudes and mean
stress levels,
(d) The influences of different microstructures in 4140 steel on
small crack growth.
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