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Chapter 1  Introduction

No structure can reasonably be expected to last forever. However, undetected defects that grow under the influence
of loads can cause failure even within its planned life. Crack is the most dangerous defect in structural components. In
integrity assessment of structural components, it is essential to detect the crack sensitively as well as evaluate them
quantitatively, in advance. The potential of using ultrasonic methods in evaluating cracks has .greatly been recognized
and also verified by fundamental experiments. Although many noteworthy investigations aimed at ultrasonic evaluation
of cracks have been done, reliable sizing of closed cracks, specifically, the smaller cracks, is still a big hurdle to
overcome.

The crack depth, a, and the crack closure, o,, or in other words the effective stress intensity affect the crack
propagation rate when a structure is subjected to cyclic loading. The aim of the present study is to develop a reliable
uitrasonic nondestructive evaluation (NDE) procedure for both the crack depth and the crack closure stress of small
fatigue cracks at no load condition. Quantitative ultrasonic evaluation of crack depth together with the closure stress of
closed cracks has not been successful in the past because of the facts that (1) smaller crack normally goes out of
detection capacity of conventional technique, (2) cracks having tighter closure are transparent to sound beam — this fact
also causes poor detection and (3) crack closure has not yet been modeled appropriately. In an attempt to overcome
these difficulties, this study ultimately furnished the development of a new technique with enhanced sensitivity of the
inspection using an optimum incidence of shear wave against back-wall crack in steel material as well as the
development of a suitable computer based evaluation algorithm with appropriate consideration of the crack closure
stress. In this thesis the challenging attempt of the quantitative evaluation of closure stress was particularly in a quest to
evaliate the crack opening stress intensity factor which may lead to determine the effective stress intensity range in
fatigue crack propagation. The method is fully automated and computer controlled, and can be used to determine crack
depth, closure stress and crack opening stress intensity factor. The accuracy and reliability of this quantitative
nondestructive evaluation (QNDE) method were checked by comparing the evaluated depths of tightly closed smaller
fatigue cracks with their actual depths observed on the fractured surfaces.



Chapter 2 The New Evaluation Approach

This chapter describes an experimental investigation on the ultrasonic NDE of small cracks in the size range of
0.25 to 3 mm. The cracks treated are 0.1 mm-wide slits (as open cracks) and closed fatigue cracks in A1SI 304 stainless
steel specimens. The fatigue crack in each specimen was developed from the tip of a starter notch by cyclically loading
the plate in 4-point bending of tension and tension on dynamic testing machine. After developing the crack, the plate
was machined and polished to remove the initial notch, thereby leaving a true fatigue crack in the remaining material. In
order to take tighter closure into account, samples were extracted in the L-S orientation. A number of specimens having
different crack depths were used.

In order to achieve better repeatability as well as fast and precise ultrasonic measurements, automatic linear
scanning was performed by a xyz-scanner using water immersion technique. The cracks inspected were situated
vertically at the middle of the specimen back wall. All the measurements were performed at room temperature. A single
flat pulse-echo transducer transmitting a longitudinal wave of nominal frequency 5 MHz was used for both generating
and detecting the elastic waves. The distance between the probe and the specimen back wall was kept fixed at 30 mm,
ensuring far-field measurements. All the signals received from the crack-corner zone were post-amplified and then sent
to a digitizing oscilloscope from where the digitized data were downloaded directly to a personal computer. The
transducer was used to scan over the top surface of the specimen and the measurements were performed with 0.5 mm

interval of probe positions.
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Fig. 2-14  Schematic of ultrasonic testing Fig. 2-20 Ultrasonic echo responses obtained by
configuration different incidence techniques (slit, ¢ = 3.0 mm)

In order to develop a method for the enhancement of sensitivity of ultrasonic evaluation of small cracks, the
capability of usual ultrasonic techniques, i.e., the normal incidence, small-angle incidence and large-angle incidence
techniques of longitudinal wave and the large-angle shear wave beam technique, were examined based on the open
cracks as shown in Fig. 2-14. Then, the effect of incident beam angle of the longitudinal as well as the shear waves on
the crack-surface echo response was investigated, Comparing the nature of echo response curves for different incident
angles as shown in Fig. 2-20 the use of shear wave with 50° incidence against the crack corner was proposed. The
highly sensitive features of the present angle-beam approach compared to the recent techniques were clearly presented.
The related basic principles and definitions were briefly explained in an attempt to better understanding the physics of

the proposed approach. In the present technique, only the crack echo was visible which also proved its superiority to the



recent normal and small-angle incidence techniques where the crack-echo signals were difficult to distinguish from

those of uncracked part especially for the smaller closed cracks.
Chapter 3  Analysis of Crack Closure Effect on Ultrasonic Response

The crack-corner echo with the proposed 50° incidence of shear wave beam in solid as described in Chapter 2, was
used in the rest of the study. Fatigue cracks prepared by tension and tension loading suffer tighter closure under no ioad
condition. This chapter describes a new methodology for analyzing the closure stress of small fatigue cracks. In order to
account for the exact effect of crack closure stress on ultrasonic response, the echo amplitude was analyzed based on
artificially applying additional closure stress. The variation of echo amplitude with respect to external stress and probe
position was found as shown in Fig. 3-6. For estimation of initial closure stress in crack surfaces at no load condition,
load versus strain measurements i.e., the compliance measurements for several two-dimensional fatigue crack
specimens were taken. The initial closure stress was calculated from the crack opening stress intensity factor, which was
determined from the non-linearity of load-strain trace. The net closure stress on crack surfaces due to external loading
was considered as the resultant of artificially applied closure stress and the initial closure stress possessed by the crack.
The ratio of echo amplitude of a closed crack to that of the same crack under open condition was termed as reflection
coefficient and was denoted by y. A theoretical model of the echo signal received from the closed crack based on this
reflection coefficient was proposed in some earlier studies of normal and small-angle incidence techniques where the
reflection coefficient was necessarily considered as an assumed function of crack closure stress. Theoretical analysis of
closed crack echo signal for large-angle incidence of sound beam was studied here and a simplified expression for
closed crack echo amplitude was established for providing the way to deal with y experimentally. And finally, a
relationship between the exact closure stress, o, and the reflection coefficient, y, was established. The relationship was
found to be independent of crack depth. It was also found that a mechanically open crack having occasional asperity-

asperity contact of mating fatigue fracture surfaces allowed little transmission of acoustic waves.
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Fig. 3-6 Ultrasonic echo response against fatigue crack (¢ = 1.82 mm) as a function of external stress gy,

Chapter 4 Development of the Method for QNDE of Crack Depth and Closure Stress

This chapter is an attempt to give the evaluation technique a quantitative character so that the ultrasonic
measurement performed on an unknown crack can be utilized for the quantitative characterization of the same by using

an evaluation algorithm. In this regard, surface-connected back-wall cracks of depth ranging from 0.4 to 4.0 mm in steel



specimens were considered. First, an empirical relation between the amplitude of the crack echo and the crack depth for
open cracks in the above range was determined. Next, the -, relation developed in Chapter 3 was extended for wider
range of y and o,-values and an empirical relation between them was formulated. Finally, based on these relations an
empirical formula for closed crack echo response was developed for estimating the ultrasonic response from the given
values of crack depth and crack closure stress. The crack depths and the crack closure stresses of several unknown
fatigue cracks based on this empirical formula were determined by inverse analysis of the crack echo response. From
the evaluated crack depths and crack closure stresses, the crack opening stress intensity factors, K,,, were determined.
The accuracy and reliability of this new NDE method were verified by comparing the evaluated crack depth with the

actual one obtained by destructive measurement after carrying out ultrasonic testing.
Chapter 5 Simplification of the Evaluation Method

The complete ultrasonic NDE method for cracks in stainless steel material presented in the preceding chapters was
based entirely on two calibration equations, namely, the open crack calibration equation and the r-o, relation. As
observed, the open crack calibration equation is relatively easier to develop between the two. For any new material
specified for testing, the equation can be developed by measuring only the ultrasonic response for a few open crack
samples of the material. On the other hand, the preparation of -0, relation as presented was based essentially on the use
of compliance measurements together with the ultrasonic measurements of closed crack samples. Although very few
samples of closed cracks are sufficient to develop the relation in the above fashion, an attempt was made in this chapter
to prepare the relation in a simpler way, i.e., without the use of compliance measurements.

As described in Chapter 4, a fatigue crack with zero closure stress can be obtained by applying necessary cycles of
tension and compression loading on it. The j-g, relation was developed by preparing cracks with zero closure and
performing only the ultrasonic measurements under varying compressive load. In order to justify the validity of the
relation obtained in this way, it was compared with the g, relation obtained from the use of compliance measurements.
Good accuracy in the evaluation results and good conformity of the j-g, relations obtained by the two methods
established the fact that the NDE method developed in this thesis was independent of the use of the compliance
technique. Thus, the method was proved to be a very suitable one for QNDE of cracks, crack closures and crack

opening stress intensities.
Chapter 6 Conclusions

The thesis presented a novel ultrasonic technique for the QNDE of crack depths, crack closure stresses and crack
opening stress intensity factors of unknown small fatigue cracks. The evaluation was done using inverse analysis of the
measured crack-echo response of shear wave with 50° incidence upon the specimen back wall based on some
predetermined calibration equations. For any material newly tested the calibration equations can be determined
performing ultrasonic measurements on few samples of cracks. Quantitative evaluation of crack closure stress or crack
opening stress intensity factor has not yet been successful in the past because of the inability to model the exact effect of
crack closure in the evaluation procedure, and also the lack of sufficient sensitivity in detection of smaller cracks using
the standard ultrasonic techniques. The proposed evaluation method is free from these limitations and enables us to deal
with smaller cracks having any degree of closure stress. Experimental investigation showed that the proposed angle-
beam technique gives the highest sensitivity in evaluating smaller cracks, especially the smaller closed cracks. The
present technique gave the first success in the quantitative determination of the crack closure stress as well as the crack
opening stress intensity factor. There is no doubt that the proposed optimum-incidence method would be definitely a
powerful tool in the field of ultrasonic NDE of crack and closure stress.
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