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1.

Introduction
Research sponsored by AECB has led to the development of

experimental techniques for studying the flaw sensitivity of pipe
to pipe intersections (tees) subjected to cyclic moment and/or
I

internal pressure at high temperature, 550°F (Appendix 1 ) . Strain
gauge measurements near the inside and outside of the crotch of a

I

tee were used to identify the most sensitive locations for defects.

|

Cyclic tests on tees, with defects (saw-cuts) in these locations
were used (Appendix 1) to

I

(a)

demonstrate the safety margins and leak before
burst behaviour of such tees

I
•

(b)

provide data for the assessment of the accuracy of
the stress intensity factor approach for the prediction of crack growth.

I

Item (b) was based on the phyrflosophy of ASME Code,
Section XI, which recognizes the limitations of ultrasonic techniques

*

and provide a flu«/ model consistent with available linear-elastic

I

fracture mechanics (L.E.F.M.) solutions by requiring that irregular
flaw configurations be characterized by a bounding elliptical area

I

(sub-surface flaw) or semi-elliptical area (surface flaw) (1).
Figure 12(c) of Appendix 1 and Figure 1 of this reporc

•

show the initial and final shape of the horizontal defect grown in

1

one of the test tees (TA5).

To estimate the cycles to propagate

this horizontal crack through the wall it was necessary to assume
I '

™

I

that it approximates a semielliptic crack and to divide the crack

Figure captions are given on pg. 17.

I
I
i

growth into increments as shown in Figure 2. For each small increment,
Aa, the crack growth rate, da/dN, is assumed constant and the corresponding life fraction, AN, calculated.

»

|
I

In this case the estimates were

AN n

5626 cycles

AN, „

4430

AN £ _ 3

1790

AN

3-4

77

AN

4_5

°

451

These calculations and Figure 2 show that most of the
useful life is concentrated in the growth increments AN. . and

I

AN

. This serves to emphasize that both the accuracy of the stress

intensity factor approach and the need for and timing of a repair
• .

could be more easily assessed if the growth of a known defect could

|

be continuously monitored during normal service operation (i.e.
at temperature).

Indeed most of the useful life of a component

I

might be "required" to grow a flaw from its initial actual shape

.

to the regular shape that must at present be assumed for a L.E.F.M.

*

analysis.

I

Continuous ultrasonic monitoring requires a transducer
capable of operating at the temperature of interest, in the present

I

case 550"i, and a measurement technique capable of detecting small

_

changes in crack size in a component of complex geometry.

Research

sponsored by AECL led to the design of a transducer and the developI -

I
I

ment of an immersion technique for continuously monitoring the
growth of part-through thickness defects in flat steel plates at
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550"F.

The design and calibration of such transducers and the

immersion measurement technique are described in detail in Appendix 2.
The general objective of the research summarized in this
report was to investigate the application

of the continuous monitoring

immersion technique

In particular experiments

to curved

surfaces.

were to be carried out on pipe-sections, to assess the accuracy
of the immersion technique for curved surfaces, followed by a
design study of its application to monitoring defects in the crotch
of tees with recommendations, if appropriate, on an experimental
program for tees or similar complex geometries.
As specified in the contract budget a full-time undergraduate
assistant, M. Braid, worked on this project from September 1st December 31st, 1977.

In January 1978 a full-time Ph.D. student,

M. A. Mohamed, opted to work in this research area.

He has devoted

part of his time to this particular project and was supported from
its budget for the period December 1st, 1978 to March 31st, 1979.

2.

Equipment Design

2.1

Ultrasonic Transducers and Pulse-echo Instrument
As mentioned in our interim report of July 17th, 1978 the

experimental program was considerably delayed by the poor reliability
of the ultrasonic transducers. A major problem was the sputtering
of the crystals with platinum and the subsequent attachment of the
electrical lead.

AECL were particularly helpful in resolving this

problem and ^assisted with the preparation of two 4 MHz 19 mm; one
4 MHz 9 mm and three 5 MHz 19 mm crystals with leads (see Appendix 2
for design details).

The transducers discussed above were based on Lithium
Niobate crystals. When the work described in Appendix 2 was undertaken,
an alternative crystal, Lead Metaniobate

was not used because at the

time we anticipated testing a new commercial transducer based on this
material.

This Dapco transducer proved to be unreliable; however by

chance an improved version was finally delivered during the course
of the present project and bas therefore been used In some of the
experiments described herein.
An ultransonic pulse-echo instrument, Lehfeldt MPT 10 Echoskop,
was used.

Its transmitter circuit provides the high frequency pulses

for the transducer.

The electrical signals generated in the transducer

by echos travel through an attenuator and are then simplified, rectified,
filtered and displayed m the Echoskop screen.

The attenuator is used

as the gain control; it is calibrated in steps of 2 dB.

Small echoes

which are irrelvant can be suppressed; in this instrument echoes exceeding the suppression level are not affected at all and are displayed
at full height.

The high frequency components of the echoes can be

suppressed by filtering; there are five levels of filtering available.
The Echoskop has a built-in electronic distance marker which allows
very accurate measurements of distance and propagation time.

2.2

High Temperature Pipe Test Rig
When this research proposal was written it was thought

that the plate rig shown in Figures 3 and 4 of Appendix 2 could be
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modified to accommodate pipe sections. Detail design showed that
it would be wise to design a separate test rig for pipe-sections;
this also had the advantage that the plate rig could be used
separately to check the reliability and calibration of the transducers
built for the present study.
Figures 3 - 5

and the enclosed drawings 1 - 3

show the

equipment designed to enlarge and monitor part-through thickness
cracks in an A106B steel pipe of 1/2 inch thickness and 8 5/8 inches
outside diameter.
Figure 3 and Drawing 1 are general views of the equipment.
It consists of the annular transducer chamber ( A ) , a pipe specimen (c)
welded to a flange ^ ) and a saw mechanism for periodically enlarging
the defect without having to reduce the temperature of the system,
The saw mechanism in the pipe will operate at 550°F and at a
pressure of 1500 psi.

The saw is driven by an air motor Q ^ and

is fed into the specimen wall by rotating

knob

( E ) . Part (j) is a

mirror simulation of the saw advance into the pipe wall so that
the slit depth can be measured accurately and easily.

The whole

rig can be rotated into the vertical for filling and to facilitate
assembly, by using the trunions on the mobile carriage (G).
Drawing 2 gives the details of the monitoring system.

The

annular chamber ( A ) clamps against a flange ( B ) which for convenience
is welded to the pipe specimen (_£).

The transducer ( D ) is located

between two annular plates (i) and ( F ) , which are held apart by
spring loaded cylinders (not shown) and pushed together by rods ( K ) .
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Rotating the knobs (G) clockwise or anticlockwise will change the
angle of incidence of the transducer without
error.

introducing a backlash

Axial movement of the transducer (D) is achieved by rotating

knob (i) on the threaded shaft ^ ) .

This move the sliding rodsQ)

which are attached to the annular plate Ç F ) .

It was found that two

rods ÇS) were not sufficient to ensure alignment of the transducer Qy
in the plane at 90° to a circumferential crack.

Therefore a third

sliding rod, not shown, was added.
The transducer can be moved circumferentially by rotating
knob Q y , through sprocket Qt) and a chain welded to a bracket on
plate (T). Movable steel balls at the contacts of rods ( K ) and
plate ( E ) and rollers (L) permit smooth rotation of the plates
^ ) and \FJ. Sprocket (S) slides on a square-section rod during
axial movement of plates ^ ^ and Q F ) .
The transducer can also be used to monitor cracks in the
radial-longitudinal (axial) plane by tilting it in a plane at 90°
to that shown.
steps.

This is achieved by using the cam,(N), with three

As the cam is advanced it lifts the pin F which tilts the

transducer^). The three steps on the cam correspond to (a) 0°
incidence for so-called end-on measurements, (b) 17° incidence for
shear wave testing at room temperature and (c) 9° incidence for
shear wave testing at 550°F.
Figures 4 and 5 and Drawing 3 show the cutting mechanism.
A saw blade @

is rotated by the air motor through shaft (h) and

the sets of \gears @ ,

( D ) and ( Y ) .

T O increase the depth of cut,

the saw is moved up by rotating the shaft (E) which causes the
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cam

(?) to swing the two bars (G), which lift the saw blade (A)

into the pipe wall.

Shaft <^y may be used to change the position

of the cutting mechanism around the pipe circumference.
For the saw position shown in drawing 3, circumferential
slits will be cut.

To obtain axial cuts the screws @

must be

released; the saw arrangement raised to release the four bars ( M ) ,
then returned after rotating 90°.
Two immersion heaters control the rig temperature. A
110v-1700 watt heater is in the water in the pipe and a 220v-3000
watt heater is immersed in the Dowtherm A in the transducer chamber.
A thermoelectric controller on each heater gives a good control at
260°C.

Relief valves on the water and Dowtherm chambers keep the

pressure in the water at 1500 psi and 40 psi in the Dowtherm.
pressure in the Dowtherm is generated by expansion only.

The

After

heating the water to 80°C, nitrogen gas was introduced to raise
the pressure to 300-400 psi; thereafter the pressure increase was
dictated by the temperature increase. As can be seen in Figure 3
the primary insulation is cemented on the transducer chamber; to
reduce end losses the whole assembly to the right of the flange was
also insulated with fibreglass mats.
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3.

Results and Discussion

3.1

Calibration Tests Using Plates
To train the research assistants and to confirm the

equipment settings established in the earlier study required the
repetition of the more important room temperature experiments
described in Appendix 2. All of these experiments were conducted
with a commercial transducer Krautkramer MB-4T, immersed in Dowtherm A
with the calibration specimens (test plates I and II) described in
Appendix 2.

Figures 6 - 1 0 show good agreement between previous

and present results.

In all figures a is the angle of incidence

of the probe from the normal to the plate surface and X is the
transducer (probe) standoff distance (offset).

These experiments

confirmed that the Echoskop filter settings 1-4 give essentially
the same results and that at room temperature the angle of incidence
should be between 17 and 19°.
As mentioned previously the cone transducer based on
Lithium

Niobate crystals proved to be difficult to manufacture.

However once these problems had been overcome, one of the transducers
(4 MHz 19 mm) was used in a variety of experiments at high temperature.
Figure 11 shows the results of a series of experiments to confirm
the variation of ultrasonic velocity in Dowtherm with increase in
temperature.
results.

There is excellent agreement between previous and present

In total this transducer was cycled seven times over the

temperature range 20°C to 260°C. A typical cycle required 12 hours
to establish stable temperatures in the Dowtherm and water.
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The plate rig described in Appendix 2 was used with this
transducer to establish the relationship between echo amplitude
and defect depth at 260 - 264°C.

Figure 12 compares the results

of that experiment with the data obtained in the previous study
(Appendix 2). It will be noticed that the standoff was 44 mm
rather than 4 mm.

This was done to separate the defect signal from

the initial transducer pulse.

It demonstrates that one has a wide

choice of standoff, which could be very useful when studying more
complex geometries. Also by increasing the standoff it should be
possible to still use the transducer after a partial failure of the
glue used to

damp the back weves from the crystal.

A disadvantage of using ultrasonic transducers at high
temperature is that the amplitude of the defect signal decreases
with increase in temperature.

Figure 13 shows for the cone transducer

(4 MHz 19 mm) and a fixed defect depth, 1.2 mm, the relationship
between maximum signal amplitude and temperature, i.e, at any
temperature the angle of incidence was changed to give i^aximum
response.

These results are supported by data obtained by Silber

and Ganglbauer (2) who employed contact probes and reference blocks
with drilled holes. Their results indicate a difference in gain
level of about 16 dB between room temperature and 300°C; this
corresponds to a factor of six on signal height.

They attribute

the drop in amplitude to increase in attenuation in the steel.

I
1

- 10 -

3.2

Pipe Tests

I
•
m

As mentioned previously a commercial (Dapco) transducer,
based on a 5 MHz, 12.5 mm diameter crystal, became available during
the present study.

I
1

Since this gave a higher output than the cone

paragraphs. These experiments were oh axial cracks cut with
transducer it was used in the experiments described in the following
1 T

inch diameter saws and the mechanism described earlier.

The

saw used for room temperature tests was 9.010 inch thick; saw
failures dictated the use of a slightly thicker saw, 0.016 inches,
i

at 260°C.
Figure 14 shows the relationship between echo amplitude

•

and defect depth at room temperature for three probe positions on a

M

circumferential arc.

In all cases the standoff distance was 40.6 mm

and the probe was inclined at 10° to the radial line drawn from
•

(
I

its pivot point to the pipe centre.

angle of incidence which leads to shear waves propagating through
the pipe at approximately 40° as shown in the inset diagram on
Figure 14.

Position 1 for the probe is equivalent to that used in

the plate studies described earlier.
|

This corresponds to a 17°

Position 2 corresponds to

the signal received after one reflection from the inner and ouier
surfaces before interacting with the crack.

Position 3 corresponds

"

to the signal received after two reflections from the inner and

1

outer surfaces before interacting with the crack.

Although attention

has been concentrated on position 1, Figure 14 shows that positions
| "
_ _

2 and 3 could be used as checks on data obtained in position 1 or
if access is difficult positions 2 or 3 could be used instead of
position 1.

I

I
I
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_

It will be noticed for all three probe positions that the
relationship between echo amplitude and defect size is linear at

1

very small crack sizes; oscillates for defect sizes between 0.3 mm
and 1 mm and shows a steady increase thereafter.

In all cases due

g

allowance must be made for scatter which we think is responsible for the

_

small oscillations in echo amplitude at crack sizes between 1 mm and
5 mm.

I

A factor which probably contributed to the scatter was the

use of oil to lubricate the slitting saw.
completing a cut

|

the signal amplitude increased slowly; hence

several readings at some defect depths.

.

Interference/diffraction effects (see Appendix 2) probably
explain

I

It was noticed that after

the very noticeable oscillations for defects between 0.3 mm

and 1 mm.

In a recent paper Lumb (3) suggested that diffraction/

interference

effects would be minor for crack depths greater than

I

twice the wavelength.

I

0.8 mm.

In the present case the wavelength (A) is

To assess the reliability of the system the aforementioned
I

room temperature experiment was repeated at two

other

locations

on the pipe. Figure 15 compares the data from the three experiments.
I

In the second experiment the saw broke when the crack depth was

a

about 2 mm; after each crack increment the probe was used in two positions
(1 &

I

2 ) . In the third experiment measurements were not taken

until the crack size was 3 mn.
was good enough to justify

I
• -

The agreement between the data sets

trying the technique at high temperature.

Ai a result of the transducer problem mentioned earlier,
various delays during the commissioning of the pipe rig and to meet
the contract deadline March 31st, 1979, it was necessary to run the

I

- 12 -

high temperature pipe test with air rather than water in the pipe.
The results of such a test are shown in Figure 16.
effects are a problem for cracks

Since interference

smaller than 1 mm (Figure 14 and 15)

the experiment started with a defect depth of 1 mm and ended when
the saw failed at a defect depth of 3 mm.

In this test the variation

in signal amplitude at any crack depth is a cyclic oscillation, which
at present is unexplicable.

However the results are encouraging and

M. Mohamed will continue this as part of his doctoral project.

These

results will be reported to AECB.

3.3

Alternatives to the Echo Amplitude Method
All of the results presented in sections 3.1 and 3.2 were

obtained using the echo amplitude method.

A limiation of that

technique which is not obvious when reviewing Figures 6 - 16 is
that saturation of the crystal puts an upper limit on the detectable
crack size.

To illustrate this Figure 17 shows the results of an

immersion experiment with the plate rig at room temperature using a
Krautkramer MB-4T transducer, which uses a 12 mm, 4 MHz Barium
Titanate crystal.

In this case the transducer is not useful if

the defect depth is nure than about 3 mm.

This limitation, the

diffraction/interference effects discussed earlier and the signal
oscillations shown on Figs. 14 and 16 led to a decision to look
for alternatives to the echo amplitude method.

A recent paper by

Lumb (3) serves to emphasize that there is a general need for
alternatives to the echo amplitude and echo dynamics methods
presently used in codes. Appendix 3 of this report, prepared by
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M. Mohamed, discusses the alternatives and their limitations.

This

review showed that time domain techniques are most promising but
that almost nothing has been done using time domain techniques with
immersion probes.
The results of a preliminary study using a single immersion
probe and time measurements are presented in Figs. 18 - 20. The
first experiments were with a calibration test-plate II (see
Appendix 2) and a steel block with

0.04

inch side drilled holes.

Figure 18 plots the time required for the signal to travel to and
from the hole or slot tip.

Over the limited range of slot depth

investigated there is excellent agreement between the time measurements from the slot tip and the side-drilled hole, i.e. the latter
could be used to calibrate the time measurements.
The results of an experiment using the plate rig are
shown in Figure 19.
cathode ray

Typical photographs of the signals on the

tube of the Echoskop are shown in Figure 20.

The

time measurement plotted on Figure 19 is the time to travel from
the crystal to the defect tip, plus the return time.

Figure 20 is

based on a fairly large defect; as the defect depth decreases it
becomes more difficult to separate the crack tip
main flaw signal.

signal from the

This sets the lower limit on defect size which

for Figure 19 was about 1 mm.

The upper limit on defect size is

set by the difficulty of separating the tip signal from the signal
from the steel/liquid interface.
I
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The results of this experiment are most encouraging and
should be the basis for future work in this area.

Although in the

present study no experiments were conducted with fatigue cracks
there is now sufficient evidence to indicate that the echo amplitude
will be very dependent on crack surface roughness and opening
whereas time measurements do not depend on such factors (see Appendix
3).

In other words, the normal method for calibrating the echo

amplitude signal may lead to very serious errors in estimation of
fatigue crack sizes, particularly when compressive stress fields
are present.

3.4

Applicability of Methods to More Complex Geometries
The above studies have shown that defect growth can be

monitored in a pipe at high temperature using the echo amplitude
method.

However since the ultimate aim is to monitor sharp cracks,

such as those produced by fatigue, future emphasis should be on
time domain methods.

Therefore the next step in this program

should be to use the method discussed ' n section 3.3 on a pipe at
room and high temperature.

Unfortunately transducer manufacturing

problems delayed this project so much that time measurements on
pipes could not be included.

Until such measurements have been

made there is little point in speculating on the likelihood of
success on more complex geometries such as tees.

The end-on time

method described in Appendix 3 has been used successfully with
contact proves on gun barrels with fatigue cracks.

For the case of

a corner crack in a tee this would be the simplest to apply from a

I
I
•

geometry viewpoint but at high temperature the signal amplitude
decreases considerably, Figure 13, and the tip signal in the end-on

I

method will be small for fatigue cracks.

I

4.0

•

Conclusions
1) An immersion ultrasonic technique based on measurement of
echo amplitude can be used to monitor the growth of a

I

sawcut in a pipe at 260°C.
2)

Since echo amplitude measurements may be confused by

I

diffraction/interference effects, by "tight" cracks and

n

by crystal saturation it will probably be wise to concentrate
future efforts on time-domain measurements.

I

The equipment

developed in this and the previous study (Appendix 2)
can be used for echo amplitude or time-domain measurements.

I
1

3) Much more effort must be devoted to time-domain studies
on simple geometries (plates and pipes) before the
reliability of high temperature measurements can be

I

addressed or such techniques can be applied to monitor
defects in tees or other complex geometries.

General

I

support for this conclusion on reliability can be found

I

in the work during the last few years at the Materials
Physics Division, AERE, Harwell (see Appendix 3 for

I
I
I
I

references.
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CYCLIC CRACK GROWTH FROM INTERNAL DEFECTS IN
TEES SUBJECTED TO OUT OF PLANE MOMENT AND
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SYNOPSIS
Normal pipe-to-nipe intersections (tees) were fabricated from 219.1 OD x 12.7 mm nominal
wall thickness and 168.3 JD x 11 mm nominal wall thickness pipes of SA106B steel. Strain gauges in
the vicinity of the inside and outside of the crotch weld have been used to identify the most sensitive locations for defects. Tees with internal defects cut in these locations have been subjected at
260 C to static internal pressure plus cyclic out of plane moment. Experimental techniques are described and strain gauge data is used in a fracture mechanics analysis of observed flaw growth.

INTRODUCTION

range of crack tip stress intensity
factor

AK

A recent report by Pon (1) discusses the
normal operating conditions, postulated accident
conditions and safety systems for CANDU reactors.
As with other water cooled reactors, evaluations
of loss of coolant hazards are based on guillotine failures of pipes and components such as
the coolant inlet header. This is a simple and
safe approach since it is very unlikely that
guillotine failures will occur (2). However one
would still like to have a good understanding of
how defects might grow through the wall of piping components since a low probability of leakage
and adequate leak detection are important to reactor safety and performance.

range of crack tip stress intensity
factor at tip of minor axis, a
range of crack tip stress intensity
factor at tip of major axis, b
out of plane moment
•«bf

magnification factors

aB '«bB
«a

increment of crack growth along a

5b

increment of crack growth along b
cycles to grow 6a

da
dN

There have been many studies of the growth
of defects in simple pipes subjected to cyclic
internal pressure. However much less is known
about the flaw sensitivity of pipe-to-pipe intersections (3). The object of the research reported herein was to study cyclic crack growth from
internal defects in normal pipe-to-pipe intersections (tees) subjected to static internal
pressure and cyclic out of plane moment at 260°C.

crack growth rate
circular angle defining point on the
crack front
uniform tensile stress
normal stress, see fig. A
normal stress, see fig. A

at
"aB

NOTATION

uniform normal stress
linearly varying normal stress
shear stress

a

crack depth

•o

Initial crack depth

h

plate thickness

n and C

constants in fatigue crack growth
equation

P

Internal pressure

angular position around the crotch
weld

half length of surface crack

x, y and z

cartesian cev.dinates

Kj

opening mode stress Intensity factor

Kg

Kj at tip of nlnor axis, a

KD

Kj at tip of major axis, b

elliptical integral

L TECHNIQUE
Fig. l(a) shows a typical pipe to pipe intersection (tee). These were fabricated from
219.1 O.D. x 12.7 mm nominal wall thickness and
168.3 O.D. x 11 mm nooinal wall thickness pipes
of SA 106B material. They were fabricated in
accordance with ASME Pressure Vessel Code SectIon III for Class A vessels. The outside weld
at the crotch was ground. The inside of the
branch pipe was finish machined after welding to
facilitate mounting of resistance strain gauges
and to provide a precision surface for location
of the milling head used to cut the defects.

K a due to linearly varying stress
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Slitting saws of 0.1 to 0.2 mm thickness were
used.
Figure 1 shows the rig built to apply bending moments and/or internal pressure at high temperature, about 260°C, to tees. Fig. l(a) shows
a tee being installed for tests with in-plane
bending, 'The tee is restrained by saddles and
the moment is applied by two servo-controlled hydraulic jacks. Fig. K b ) , through a main crossbeam. To eliminate any torsional effects the
nain cross-beam is restrained by roller bearings
mounted on the end columns, which are themselves
restrained by diagonal braces.
When the rig was designed it was thought
that the two jacks might apply a net vertical
force as well as the required bending couple. To
cancel this vertical force the rig was built to
accommodate a third servo-controlled jack between
gusset plates on the main cross-beam and a lug on
the top superstructure, Fig. H a ) . To date no
compensation has been required and the superstructure has only been used to locate a separate
hydraulic jack for precracking, see later section.
To simplify and accelerate pressure cycling
an organic heat-transfer fluid, Dowtherm A iias
been used as the pressure medium. This fluid
which is 73.52 diphenyl oxide and 26.5% diphenyl,
has a vapour pressure of 0.0345 MPa at 271°C. By
keeping the minimum pressure in a cycle above
this one can avoid temperature fluctuations in
the tee caused by boiling of the pressure medium.

Most of the volume of a tee is filled by
aluminum core tubes. These core tubes are exposed, Inside and outside, to Dowtherm A and have
longitudinal immersion heaters. These core tubes
keep the volume of hot fluid to a minimum and
help maintain the correct temperature distribution. Separate strip heaters are clamped to the
flanges, which act as large thermal sinks. To
minimize temperature fluctuations and protect
actuator B, a water bath is positioned between
the tee and actuator B. This water bath Is controlled at 71°C.

To emphasize that careful consideration must
be given to scatter (6), the crack growth calculations presented in a later section are based on
mean and upper bound lines for the Dowtherm A
data. In particular

§-

1.65 x 10"

11

12]

and
^ f - 2.47 x lO'11 (MO 5 - 14

[3]

ON
when jr; is measured in mra/cycle and
AK in d N MHm-3/2.
Electrical resistance strain gauge measurements near the inside and outside of the crotch
of a tee have been used to identify sensitive
locations for defects and to provide stress field
data for a preliminary fracture mechanics analysis of the crack growth data. Finite element
and other stress analysis techniques are being
used to obtain a more precise understanding of
the stress fields produced by internal pressure
and external moments (7,8).

Figs. 7 - 9 summarize the stresses calculated from strain measurements obtained by applying an out of plane moment in steps from 4180 to
12540 Ntn. A similar study was done for in-plane
bending; the results will not be discussed here
since o n and trr were not as significant as for
out of plane bending. In plane bending is bending in the plane containing the major axes of
the branchtnd main pipes. Out of plane bending
is bending perpendicular to the aforementioned
plane.

EXPERIMENTAL RESULTS

To Identify the more sensitive locations
for cutting defects one must consider both the
effect on stress Intensity factor of stress distribution through the wall and the very different effects on crack growth rate of cycling in
compression and tension.

A disadvantage of the aforementioned test
procedure is that defects are subjected to Dowtherm A rather than the water plus additives used
in the actual reactor system. This could have a
significant effect on flaw growth rate (4) «nd
has required separate Investigation (S). Cyclic
crack growth data has been obtained with W.O.L.
specimens in air or in an autoclave containing
water, plus additives, or Dowtherm A at 260°C and
a pressure of 6.9 MPa. The experimental techniques will be described in another paper; the experimental results to date can be represented by
the Paris equation for fatigue crack growth
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material
constants for the particular environment and test frequency.

Fig. 3 shows the locations of the strain
gauge rosettes. Figs. 4 - 6 summarize the
stresses calculated from strain measurements at
internal pressures of 3.45, 6.89, 10.34 and
13.78 MPa. The data is presented in terms of
the direct stresses, a n and o r , and the shear
stress, x n r . The directions of a n and 0 r are
shown on the inset on Fig. 4. In the main pipe
o n is tangential to the line of the weld, i.e.
to the intersection line of the branch and main
pipes, and c r is perpendicular to the line of
the weld. In the branch pipe o r is parallel to
the major axis of the pipe and o n is the circumferential stress in the pipe.

Fig. 2 is a schematic of the pressure circuit. The actuator A is driven by a 21 MPa variable volume hydraulic pump. The actuator B separates the Dowtherm A from the hydraulic oil and
also acts as a pressure reducer. The signal from
the pressure transducer is used, with a servocontroller and function generator, to control the
servovalve on actuator A. A sinusoidal function
has been used for pressure cycling at a frequency
of 0.25 to 0.3 Hz. Limit switches on actuator A
switch off the rig if a tee fails.

©

4Ê-C
[1]
da
is crack growth rate and C and n are
where ^j

To date flawed tees have been tested with
cyclic Internal pressure or with static internal
pressure plus cyclic (reversed) out of plane
bending. Only the latter results will be discussed herein. After considering the combined
effects of static pressure stresses, Figs. 4 - 6 ,
and reversal of the moment stresses shown in
Figs. 7 - 9 it was decided that defects should

100

be cut at an angular position (*) of 90° or 270°
(Fig. 3) and either normal to o n , so-called vertical crack-, or normal to o r , so-called horizontal crack. Fig. 10 shows the shape and location
along the branch pipe of these horizontal and
vertical defects. Each tee contained a vertical
crack at • of 90° and a horizontal crack at $ of
270°.

I

crack is shown In Fig. 12(b).
Tee TA5 failed after 35,400 cycles when the
horizontal crack penetrated the wall, Fig. 12(c),
while the vertical crack almost reached the external surface, Fig. 11(d).

Since the sawcuts shown In Fig. 10 had a
crack tip radius different from natural defects
it was necessary to develop techniques to initiate a fatigue crack from there sawcuts. A clip
gauge extensometer was built co monitor this precracklng phase. This gauge clips inside brackets
spot welded on each side of the flaw. This gauge
vill measure cyclic crack opening with the tee
pressurized but the precracking must be done at
room temperature.
Initially it was hoped to precrack by applying a static internal pressure plus a cyclic
moment equal to or somewhat larger than the moment to be applied at 260°C. The latter was calculated to be 7965 Nm; the maximum allowed by the
ASHE code (9) for this tee geometry. This was
not successful; both tees precracked in this way
failed because of crack initiation and growth
from the outside. For example tee TA7 failed
during the precracking phase. Initially it was
subjected to 41,300 cycles of ± 7965 Nm without
any significant change in the opening of the clip
gauge, which was mounted on the vertical crack.
It was then subjected to ± 10,463 Mm. After
10,000 cycles there had been a 9% increase in
crack opening so the cyclic moment was reduced to
± 9013 No. There was still a slight indication
of crack growth so after 16,400 cycles the moment was reduced to the original level of t 7965
Nm. There was no indication of crack growth at
this loading so after 20,300 cycles the moment
was increased to ± 8593 Nm. After 15,700 cycles
at this level the tee failed because of crack
growth from the outside. Subsequent sectioning
of this tee confirmed that there had been some
growth from the vertical defect, Fig. 1 K b ) .
However, this technique has been abandoned because of the risk of external cracking.
A special precracking attachment was built
to apply a cyclic point load on the external surface directly above the internal sawcut. It was
argued that this would create cyclic tensile
stresses at the tip of the sawcut and initiate a
fatigue crack. To demonstrate this and to calibrate the clip gauge, a tee was sectioned after
the clip gauge had shown a 20% increase in crack
opening on each crack. Figs. ll(a) and 12(a)
show the extent of the precracking on this calibration tee for vertical and horizontal defects
respectively.

After considering the fracture surfaces of
tees TA4 and TA5, which had been precracked until the clip gauge showed 20£ increases in crack
opening, it was decided to precrack the next tee,
TA6, until the clip gauge showed only 10% increases in crack opening. This tee then withstood 77,300 cycles of out of plane moment- before
failing because of crack growth from the outside.
Sectioning showed that an external crack had
developed with its centre at an angular position,
$, of 90° and a final external surface length of
102 mm. There had also been some growth of the
vertical and horizontal internal cracks. Figs.
11(e) and 12(d) respectively.

FRACTURE MECHANICS ANALYSIS
First consider the growth of horizontal internal defects. To Interpret this data it has
been assumed that a horizontal internal defect
can be approximated by a serai-elliptical crack of
depth, a, and surface length, 2b, in a plate of
finite thickness subjected to a stress field
which varies linearly across the wall.
For an Infinitely thick plate containing an
embedded ellipse and subjected to a uniform tensile stress a o the crack tip stress intensity
factor KT is given by
,

[4]
at the tip of the minor axis of length 2a, and

[51
at the tip of the major axis of length 2b where
• is an elliptical integral

(1 -

bZ-a2

sin 6) d6

[6]

For a finite plate of thickness, h, containing a deep semi-elliptic crack these crack tip
stress intensity factors must be corrected for
geometry and other effects. Emery, Kobayashi and
Love have used a three dimensional alternating
technique (10) to derive correction (magnification) factors for semi-elliptical cracks of a. of
b
0.2 and 0.98 at crack depths of a/h of
0.4, 0.6 and 0.8 in a plate subjected to crack
pressure loadings of o o ,
o o (1 - y/a),
0 o (1 - i ) 2 and a c (1 - £ ) 3 . Fig. 13 shows, for

Three tees were precracked using this point
loading technique and then tested at 260°C with a
static Internal pressure of 6.89 MPa and a cyclic
moment of ± 7965 Nm. Estimated precrack sizes,
cycles to failure and final crack sizes are summarized in Table 1.

a/b - 0.2 and a/h « 0.6, how these magnification
factors vary with assumed stress field and the
circular angle 6 for any point q on the crack
front. "Note that y is measured from the front,
i.e. cracked, surface.

Tee TA4 failed ifte* 38,000 cycles, when the
vertical crack reached the external surface,
Fig. ll(c). The horizontal crack had been cut
beyond the weld and had not grown. However a
horizontal crack had initiated In the weld near
the location where the crack should have been
cut. The extent of propagation of this natural

As a first approximation it was decided to
consider the stress field as a uniform field o a t
less a linearly varying field of magnitude zero
at the crack tip and o a B at the inside surface.
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One requires the magnification factors at the
free surface (6 - 0°) and at the leading point
(8 - 90°). For a uniform stress 0 o these factors
will be designated M 3 t (fl - 90°) and M bt
(9 - 0°). For a linearly varying stress a o
(1 - y/a) these will be designated M a B (6 - 90°)
and Mjjjj (B. » 0°). For convenience of interpolation the data presented by Emergy, Kobayashi and
Love (10) has been used to derive curves, Fig.
14, showing the variation of M at , M),t, M a B and
Mjjg with a/b for a range of values of a/h.
For particular values of a/b and a/h the
stress intensity factor at the tip of the minor
axis, 8 - 90°, is given by
"at " M aB

Negligible surface growth, ib, was predicted by this fracture mechanics analysis. Separate calculations assuming a fixed ratio of <5b/6a
of 0.7 gave cycles to penetration within a few
percent of those shown on Fig. 15.
Table 1

[7]

Crack
Position

" K.t - K aB

out using equations (2) and (3) in turn to obtain some indication of the effect of scatter on
crack growth rate. It was also repeated considering only the tensile portion of the stress intensity factor range. This serves to illustrate
the conservatism introduced by assuming that the
compressive portion of the stress intensity factor range is as detrimental as the tensile portion.

and at the free surface, 8 - 0 ,

Tee
""bB °a

[8]

If o a t and o a u can be estimated, equations
[7J and [8] can be used to estimate Ka and Kb
for any current crack size. Since the tee is
subjected to a static internal pressure and cyclic out of plane moment it is necessary to calculate maximum and minimum values of Ka and Kb.
These in turn give ranges of crack tip stress
intensity factor, AKa and ûKb.
To estimate the cycles to propagate a horizontal crack through the wall, the uncracked
wall at 8 - 90° was divided into increments, Sa.
For each increment 6a the growth 4â w a s assumed
to be constant and equal to that
calculated
from equation [2] and [7] or f3] and [7], for
the average crack size during the increment.
This gave the number of cycles 6N to propagate
across the increment Sa. Equations [2] and [8]
or [3] and [8] were then used to calculate the
surface crack growth 6b during the interval <5N.

a

o

b

o

Final Crack
Size
a

o

'

12.2(1)
4.5
3

b

o

36
29
42

TA-4

7
36
4.5 29
unknown

TA-5

V
H

5
8.5

29
37

11

29

12U)

37

TA-6

V
H
E

7
4.2

28.5
24

9.5
A.2
15<«)

30.5
24
102

Cycles
at
260°C

38000

35400

77300

vertical
horizontal
external horizontal
- leak
mislocated
natural

The horizontal crack data for the three
tees tested at 260°C, Table 1, are also shown on
Fig. 15. Examination of the fracture surface of
the horizontal crack in tee TA5, Fig. 12(c),
suggested that the precracking was much larger
than that anticipated from clip gauge readings.
Hence on Fig. 15 this tee is plotted with an initial crack size of 8.5 mm; this corresponds to
the edge of the darker area on Fig. 12(c). The
horizontal crack in tee TA6 is plotted at an
initial crack size of 4.2 mm, estimated from the
fracture surface, Fig. 22(d), and the life at
which the test was terminated. Tee TA4, which
developed a natural horizontal crack, is plotted
at the crack size and life at which the test was
terminated. This implies that the natural crack
in TA4 developed during the precracking phase;
it has not been possible to substantiate this
assumption with fractography.

Figs. 4 and 7 show that the shear stresses,
t nr , are zero at • - 90° and 270°. This and the
assumption of a linear distribution of stress
across the wall enables one to calculate the
•tresses on the outside surface at section cc.
By considering the equilibrium of the longitudinal forces acting on the element bounded by the
sections cc and 66, the outside surface stresses
at section cc were estinsted as 0.02136 M and
11 p HPa.
\

The experimental data and calculations
shown on Fig. 15 and the strain gauge data presented in Figs, 4 - 9 suggest that these tees
have a very low sensitivity to Internal horizontal flaws, when subjected to static internal
pressure and cyclic out of plane moment. Ancillary tests to assess the effect of using water
plus additives rather than Dowtherm A as the
pressure medium have still to be completed.
Some indication of possible environmental effects
can be found in papers by Kiss et al (4) and
Banford (11).

The stress distributions resulting from
these calculations are shown on Fig. IS. This
figure also shows for any given initial crack
depth, a o , the calculated number of cycles to
penetrate the wall. The calculation procedure
described In the preceding paragraphs was carried
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Precrack
Size

V
H*
H+

V H E t.
* + -

The stresses o a t and o a B were estimated by
combining the pressure and moment stresses for
the uncracked tee with the stresses produced by
pressure acting in the crack. Figures 10(c)
and 10(d) present for the uncracked tee the
available information from Figs. 4 - 9 on stresses, o r > in the plane of interest. At the section ee, where the horizontal cracks were cut, the
o r stresses on the inside surfaces were estimated
by linear interpolation between the known values
shown on Figs. 10(c) and 10(d). These values
were -0.00374 M and -3.26 p MPa.

©

Crack Location, Size (mm) and History
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I

Tee TA6 failed after 77,300 cycles because
a horizontal crack grew from the outside. This
failure occurred near to position 11 used for
strain gauge measurements, Fig. 3. Therefore It
was possible Co use an approach similar to char
described above to calculate the number of cycles
to penetrate the wall, assuming that a small defect had "been missed by the Inspection procedures. Two sizes of initial defect were assumed,
1.22 mm and 2.A4 mm, and the following equations
vere used for the mean and upper bound lines for
cyclic crack growth In air (5)
,3.9

— - 4 3 x 10-10
dN
••

t9J

internal weld defects. Tees with large defects
cut in these locations have been subjected at
260°C to static internal pressure plus a cyclic
out of plane moment equal to the maximum allowed
by the appropriate ASME code. These experimental
results and a fracture mechanics calculation for
one of the defects shows that this tee geometry
has a very low sensitivity to internal defects
when subjected to this type of loading. There is
reasonable agreement between fracture mechanics
predictions and experimental results considering
the many assumptions that must be made to interpret crack growth data and calculate the stress
intensity factors for a horizontal crack in this.
complex geometry.

and
(AK)

3.9
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Since the external horizontal crack chat
developed in tee TA6 had a very long surface
length Table 1, lc was possible to use stress intensity factors calculated by Tada (12) for a
surface crack with a straight front (edge crack)
subjected to uniform tension and pure bending.
In the location where failure occurred the high
tensile stress introduced by the static Internal
pressure ensured that all the cycling was with
positive stress intensity factor. Therefore only
the full range of stress intensity factor was
used in the crack growth equations and the results were
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(b)

(a)
1)

(a) Test rig for applying cyclic moment
(b) Side elevation showing hydraulic jack
attached to main cross-beam
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points and can be used at elevated temperatures; Table 1 lists their
important properties and references applications. Table 2 summarizes
Ultrasonic techniques are frequently used to locate and size defects the more Important design details of transducers described in some
in piping systems and pressure vessels. In some applications it may of these references.
not be necessary or convenient to repair the pipe or vessel when a
Lithium Niobate was chosen for the present application. Lead
defect is first located. The need for and timing of a shutdown for re- Zirconate Titanate was rejected because its maximum operating
pairs could be more easily assessed if the growth of a known defect temperature was too near our design temperature, 300°C. Lead Mecould be continuously monitored during normal service operation.
taniobate was rejected because at the time we anticipated testing a
The authors have been investigating ultrasonic techniques for commercial transducer based on this material |8].
continuously monitoring the subcritical growth of internal, partIt will be noticed that most of the transducers shown in Table 2 had
through thickness defects in steel piping operating at temperatures faceplates. These served to protect the piezoelectric crystals, particup to 300°C [1]. Attention has been focused on the design of trans- ularly from hostile environments such as liquid sodium. Preliminary
ducers that can be mounted on the outside surface of a hot piping experiments with transducers similar in construction to those desystem for long-term monitoring.
scribed by Reimann [9] showed that faceplates considerably reduce
Although water-cooled transducers [2, 3] and transducers with sensitivity. Therefore the transducers described herein were built with
buffer rods [4] have been used successfully for short-term measure- partial or no faceplates for immersion in a nonhostile couplant,
ments at temperatures as high as 2500°C [4| it was deemed desirable Dowtherm A. This couplant is 73.5 percent diphenyl oxide and 26.5
to design the transducer to operate at the same temperature as the percent diphenyl. It was chosen because it is stable at 300°C if kept
piping system. It was hoped thereby to minimize ultrasonic noise and under a pressure of about 20 psig.
interface losses.
Fig. 1 shows the so-called annular and cone transducers. Both used
This paper discusses the design and calibration of a high temper- 19 mm, four MHz lithium niobate crystals that had been sputtered
ature transducer which is totally immersed in couplant liquid in a box with platinum in an Argon atmosphere at a pressure of 0.2 Torr. The
clamped to the metal surface of interest. This liquid standoff facili- platinum films were about 0.6 to one pm thick; care was required to
tates angular and linear positioning of the transducer with respect insure that the plated surfaces were not connected electrically by
to the internal defect and avoids the many problems introduced when platinum deposited accidentally on the side of the crystal.
a transducer has to be moved while in contact with a hot metal surIn the first design, Fig. l(a), the crystal was supported by an annular
face.
steel plate with an inner diameter slightly smaller than that of the
crystal. The crystal was attached at two points with silver solder to
Transducer Design and Ultrasonic Equipment
the annular plate, which was clamped to the transducer housing. The
Quartz and some synthetic piezoelectric materials have high Curie angular plate served as one electrical contact. Silver solder was also
used to attach a lead-wire to the back face ol the crystal.
A double cone of stainless steel was mounted behind the crystal to
eliminate reflections from the transducer housing. The position of
Contributed by the Canadian Society for Mechanical Engineering for Pre- this double cone would be adjusted; the space between the steel
tentation at the ASME/CSME Pressure Vessels and Piping Conference,
Montreal, Canada, June 26-30.1978. Manuscript received at ASME Head- conc/crystal/housing was filled with compressed aluminum and silicon
fiber to minimize ringing.
quarters March 2», 1978. Paper No. 78-NE-12.
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Table 1 Piezoelectric materials for elevated temperatures
Crystal Material
Characteristics

Lead Zirconate Titanate
P2T-5A

Quartz

Lead Metaniobate
PbNb 2 O 6

Curie point (°C)

573

365

>400

Piezoelectric Constant

di, - -2.3
d u = +0.7

d 3 3 = 374 d, 5 = 584
d 31 <= 171

d33 == 80 dis = 115
d3, = - 1 0

S

6,7

8

|PC/N1

Lithium Nitibate
LiNbO.,
>1180
da3 - 6

(^31 = — 1

picocoulomb/Newton
Reference

9,10,11

Piezoelectric constants are tensor components, d^, where the subscript t denotes the electrical directions and the subscript ; denotes the mechanical directions.
It i* common to use 1,2,3 for the x, y. z axes, respectively and 4,5 and 6 to denote the shear about the x. >• and 2 axes, respectively. The x, y and z axes are the
piezoelectric axes of the crystal. In particular, d& denotes the direct charge coefficient; ^31 denotes the transverse charge coefficient; du the shear charge coefficient.

Table 2 High temperature transducers

In the second design, Fig. l(b), the crystal was glued in a recess in
a lava stone cone. The cone dimensions were chosen to avoid reflections back to the crystal. The ground lead isprovided by two steel leaf
springs, spot-welded to the transducer housing. They apply a slight
pressure to the platinum coated front face of the crystal. As before
the second electrical connection is provided by a lead attached by
silver solder to the back face of the crystal.
An ultrasonic pulse-echo instrument, Lehfeldt MPT lOEchoskop.
was used. Its transmitter circuit provides the high frequency pulses
for the transducer. The electrical signals generated in the transducer
by echos travel through an attenuator and are then simplified, rectified, filtered and displayed on the Echoskop screen. The attenuator
is used as the gain control; it is calibrated in steps of 2 dB, Small
echoes which are irrelevant can be suppressed: in this instrument
echoes exceeding the suppression level are not affected at all and are
displayed at full height. The high frequency components of the echoes
can be suppressed by filtering; there are five levels of filtering available. The Echoskop has a built-in electronic distance marker which
allows very accurate measurements of distance and propagation
time.
Both of the aforementioned transducers were first tested exlen- sively at room temperature. During these tests it was possible to
compare their performance with that of several commercial transducers [lj. Only the results of comparison tests with a Krautkraemer
MB-4T immersion transducer will be discussed herein. This transducer uses a 12-mm, four MHz Barium Titanate crystal.
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The calibration specimens shown in Fig. 2 were used at rocm
temperature to investigate the effects of transducer positioning and
instrument settings, e.g., filtering, on echo amplitude.
The pressure vessel shown in Fig. 3 was built to simulate the high
temperature environment of interest. One-in. plates of hot-rolled
ASTM 36 steel were used for the high temperature studies reported
herein. The rig is designed so that in subsequent studies, sections of
pipe rather than flat plates can be bolted to the pressure vessel.
A slitting saw, inside the pressure vessel, can be used to cut and
periodically enlarge a defect in the test plate or pipe. The sawblades
are 0.25 or 0.30 mm thick and 38.1 mm dia. The slitting saw is driven
through, bevel gears and a long shaft by an external air motor. The
driving shift rotates inside a fixed steel tube; it is sealed with respect
to the steel tube by a Teflon gland positioned outside the pressure
vessel. This Teflon seal operates well because of its distance from the
heat source and because it can be air-cooled. The mechanism used to
advance the saw and cut the defect is not shewn in detail in Fig. 3. The
onset of cutting is detected with a stethoscope and the advance is
measured by dial indicators. Table 3 compares defect depth measurements recorded by the dial gauges during tests with measurements made with leaf gauges and gauge blocks after dismantling the
rig. The errors must be attributed to the flexibility of the saw and dial
gauge system since separate measurements showed that saw wear was
negligible.
Two 1000 W band heaters wrapped around the flanges of the
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Table 3 Comparison of indicated and measured crack
depth
Defect
No,
1
2
3
4
5
6
7
8
9

Temperature

R.T
R.T
R.T
R.T
R.T
R.T
R.T

29O°C
290°C

Indicated
Depth

Measured
Depth

5.50 mm
5.00
5.53
5.43
5.10
5.23
4.80
3.75
6.00

5.26 mm
4.85
5.44
5.38
4.90
4.82
4.70
3.98
5.46

Error |"..|
4.4
3.1
1.7
0.9
3.9
7.8
- 2.1
5.8
9.9

R.T.—Room Temperature

-MOTOR

Fig. 3 High temperature test rig

0 ' TO 19' «DJUSTâiU «NQ.C

Fig. 4

High temperature transducer box and carriage

pressure vessel and an immersion heater in the vessel bring the system
up to operating temperature. The vessel is partly filled with water;

the immersion heater and a nitrogen «accumulator are used for fine
control of temperature and pressure (about 7.58 MPa), respectively.
During ultrasonic experiments the vessel is laid on its side to insure
that there is liquid in the crack. To minimize losses it is surrounded
by an asbestos box filled with expanded mica granules.
Fig. 4 shows the transducer box and carriage which is located on
the test plate as shown in Fig. 3. The carriage locates the transducer
•t a known distance above the test plate. Rod Vi moves the transducer
laterally; rod V2, inside rod Y,, can be used to adjust the angle of incidence. Another degree of freedom for the transducer is provided by
rotating the transducer box. If the nuts that retain the box are slightly
loosened the box can be rotated without leakage. At operating temperature the transducer box pressure must be kept above 68.9 kPa;
if the water in the pressure vessel is at 290-300°C the Dowtherm is
•t263-273°C.
Results and Discussion
As mentioned previously the calibration testplates shown in Fig.
2 were used at room temperature to investigate the effects of transducer positioning and Echoskop settings, e.g., filtering, on the relationship between echo amplitude and defect depth. Typical results
from these calibration tests are shown in Figs. 5-7.
In presenting the data on Figs. 5-7 the first angle listed is the angle
of incidence, a\, and the angle of propagation, az, is given in brackets
after on. The separation, S, of the face of the transducer crystal from
the top surface of the test plate, see Fig. 8, is also listed. The defect
depth, t, is the mean defect depth within the ultrasonic beam. Fig.
8(a). It is normalized with respect to wavelength, X. For four MHz
transducers and transverse waves propagating in steel with a velocity
of 3.23 X 10" ms~>, the wavelength A is 0.81 mm.
To select the most appropriate filter setting for this frequency, data
were obtained with test plate I and the Krautkraemer MB-4T immersion transducer fixed at a particular standoff and angle of incidence, Fig. S. The filtering increases with increasing scale number,
1-5; in position 1 the display is rectified but with no filtering.
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Fig. 6 illustrates the influence of transducer standoff and angle of
incidence on echo amplitude; the data was obtained at fixed Echoskop
settings with testplate I and the annular transducer. Both figures show
irregularities in the relationship between ultrasonic amplitude and
defect depth. Since the defect depths were comparable in size with
the ultrasonic wavelength it was argued that diffraction and/or interference effects were responsible for these irregularities.
To provide additional data for an analysis of these irregularities,
the aforementioned experiments were repeated with testplate II. This
was machined to have a variation of defect depth within the ultrasonic
beam about three times larger than testplate I. Fig. 7 shows for this
testplate the influence of annular transducer standoff and angle of
incidence on echo amplitude.
First consider the argument that diffraction is primarily responsible
for the irregularities shown on Figs. 5-7. If this were the case it should
be possible to relate local maxima and minima in echo amplitude to
predictions derived from Fresnel's diffraction theory [121. Table 4
compares the spatial distribution of maxima and minima of radiation
amplitude given by Cornu's spiral for a straight edge [13] with values
derived from Figs. 5 and 7. For convenience of comparison experimental values of t/\ have been normalized to account for scale differences. Table 4 shows that diffraction alone cannot explain the irregularities on Figs. 5-7.
Next consider whether interference alone can account for the irregularities on Figs. 5-7. A schematic of the geometry is shown in Fig.
8(b). This shows that the maximum possible path difference, R, between reflected ultrasonic signals is 21 sinfl. Interference maxima occur
when the path difference within a coherent beam is an even-numbered
multiple of half wavelength and minima occur when the path difference is an odd-numbered multiple of half wavelength, i.e..
R « 2 f s i n 9 = (m + - ) *
where m « 0,1, 2 , 3 . . .
A « 0 for maxima, k = 1 for minima
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Table 4 Possible effects of diffraction
Experimental values of U/.M and normalized
values of ((A) related to maxima and minima
observed in Fig. 5 and Fig. 7
Fig. 5
Fig. 7

Values of variable v in Cornu spiral related to
maxima and minima of the vector of Cornu
spiral

(hË

Order of Maximum/Minimum
1st Maximum
l»t Minimum
2nd Maximum
2nd Minimum
3rd Maximum
3rd Minimum

1.25
1.88
2.33
2.75
3.10
3.80

Therefore maxima or minima should repeat when the increment in
defect depth, St, is equal to X/2 sin» i.e., It A « 1/2 sin0. This implies
that the spacing of maxima and minima should only be dependent
on angle of propagation when the results are presented as in Figs. 5-7.
Table 5 compares calculated spacing (M/\ - 1/2 sinO) with observed
spacing of maxima and minima. The agreement is remarkably good

0.65
0.85
1.3
1.4
1.9
2.15

V.0.65
1.25
1.63
2.50
2.69
3.65
4.13

0

©(£

0.95
1.2
1.55
1.85
2.4
2.6

1.25
1.58
2.04
2.43
3.16
3.42

considering the noncontinuous nature of the experimental measurements.
This explanation is supported by work by Lidington, el al. |l 4| on
interference effects in the reflection of ultrasound from shallow slits.
It has also be tised to explain earlier work by Frielinghaus, et al. (15|
on reflection from small surface cracks.

Table 5 Possible effects of interference
Expected
value —
•

I'S

according
to
\

Source
Fig. 5

0.7

«i = 17 deg
«î " 19 deg

Observed values
At
A

value -—-

0.65,0.65,0.6,0.65,0.5

0.64
0.7
0.79

ai » 21 deg

Mean
observed

0.61

0.8,0.7
-0.65,0.7
0.9,0.65

0.75
0.68
0.78
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A factor not considered so far in this discussion of interference effects from these testplates is the variation of defect depth within the
ultrasonic beam. As shown earlier maxima or minima should repeat
when the change in defect depth is A/2 sinfl, i.e., 0.57 mm for \ of 0.81
mm and 8 of 4b deg. Therefore the effect of interference on the relationship between ultrasonic amplitude and defect depth should be
confused if the variation in defect depth within the ultrasonic beam
is about 0.57 mm. Conversely if the variation in defect depth within
the beam is significantly different from 0.57 mm the earlier analysis
should still apply. For example, consider Fig. 6, obtained with testplate I and the annular transducer, which had an effective diameter
of 16 mm. For 0 = 44.5 deg and d = N this implies a beam diameter
of 16 mm at the defect. For testplate I this implies a variation in defect
depth within the beam of 0.013 X 16 mm, i.e., 0.21 mm. Since this is
significantly smaller than 0.57 mm one expects the interference effects
to be pronounced, cf. Fig. 6.
A similar analysis for Fig. 7 gives a variation in defect depth within
the beam of 0.61 mm; therefore interference effects should be less
pronounced. Although it appears to us that Figs. 6 and 7 support the
above argument, the differences are too small to be conclusive.
The annular and cone transducers were tested in the pressure rig,
Figs. 3 and 4, at room and high temperature. The method of attachment of the annular faceplate to the crystal proved to be a serious
weakness and all recent efforts have been concentrated on the socalled cone transducer, which has no faceplate.
Fig. 9 presents the results of two experiments with a cone transducer monitoring a 4.8 mm deep defect. In these experiments the
angle of incidence was fixed at the optimum for room temperature

operation and the echo amplitude was recorded periodically as the
temperature increased or decreased. There is a marked change in echo
amplitude with increase in temperature because of the temperature
dependence of the ultrasonic characteristics of the couplant liquid.
By positioning transducers at known distances from a reflector plate
in a glass beaker filled with Dowtherm A it was possible to measure
the temperature dependency of ultrasonic velocity. Fig. 10 presents
the data; these measurements could only be made to 257°C, the
boiling point for Dowtherm A at atmospheric pressure. Fig. 10 also
shows the extrapolation to 29O°C used in calculations of optimum
angle of incidence, near field length and divergence of the sonic field.
Figs. 9 and 10 serve to emphasize the need for rod Vj, Fig. 4, which
can be used to adjust the angle of incidence of the transducer as the
temperature increases.
Fig. 11 presents the results of experiments with the cone transducer
and the test rig shown in Figs. 3 and 4. In the experiment at room
temperature (23°C), the angle of incidence was set at 19 deg and the
defect depth was increased in steps. In the other experiment a delect
of 1.25 mm was cut at room temperature. Then, as the vessel was
heated to 291 °C, the defect signal was kept at a maximum by adjusting the angle of incidence and linear position of the transducer.
At 291 °C the defect depth was increased in steps of 0.2b mm and the
echo amplitudes recorded. Irregularities in the relationship between
ultrasonic amplitude and defect depth are much less pronounced on
Fig. 11 than on Figs. 5-7. This was expected since the defects cut with
the slitting saw have a shape which will tend to cancel the interference
effects discussed earlier.
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These preliminary experiments suggest that it may be possible to
produce an ultrasonic transducer to continuously monitor the growth
of a known defect at temperatures up to 300°C. However, it will be
difficult to achieve amplitude stability over Eong periods of time
particularly if piping temperature fluctuations are pronounced.
Clearly it would be desirable to use a couplant which is less sensitive
than Dowtherm A to temperature, cf. Fig. 10. If a less sensitive liquid
cannot be found a temperature compensation system must be developed. Part of the solution to the stability problem may be to use
a reference signal such as the back wall echo and estimate defect depth
from differences in amplitude. An approach similar to this has been
used previously by one of the authors for measurements of fatigue
crack growth rate in VV.O.L. specimens at temperatures up to 300°C,
(5). Another solution may be to install a second transducer in the
transducer box and use a back wall echo from it as the reference amplitude.
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Appendix 3

1.

Echo Dynamic Methods
When defects are wider than the effective size of the

ultrasonic beam, the echo amplitude method cannot be used since the
crystal is saturated.

In this case, the defect may be estimated

from the probe movement necessary to change the echo in some specific
manner.

Such methods are referred to as echo dynamic methods.

Usually the probe translation is plotted vs. signal amplitude for
certain fixed sensitivity of the equipment, as shown schematically
in Fig. Al.

The defect edges are generally defined as the positions

where the signal height decreases by 6 dB or 20 dB. Another strategy
is to employ probe translation to get continuous indication on the
CRT, i.e. from 0-0, or over other arbitrary values.

1.1

6 dB and 20 dB Drop Methods
These methods have been generally used for normal incidence

of the ultrasonic beam on the defect.

A necessary condition is that

the reflectivity of the discontinuity be consistent across the full
width.

Best results for 6 dB method may be expected at the near

field point of probe [Al], where experiments show that flat bottom
holes of 0.1" diameter are detectable.
However, real cracks are found to be 2 to 3 times bigger
than the linear dimension of the equivalent flat bottom hole [Al],
for 6 dB method.

Also, the accuracy is expected to drop by 20% for

I
spherical defects.

In a recent study [A2] the effects of surface

See Figure captions on pg. A3-18.
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roughness and crack shape on both methods have been investigated
for normal incidence on flat targets in water bath.

The results

show that both methods tend to oversize defects with increasing
roughness, with the 20 dB method being more vulnerable.

The 6 dB

method has been found relatively independent of the crack shape.
Another important observation is the existence of a lower limit
for defect size, below which the method yields the same estimate for
discontinuity size.

That limitation for normal incidence is in

agreement with the observations obtained in testing welded plates
using double probes of oblique beams [A3] with the 6 dB system.
The application of the 6 dB method has been investigated
for the immersion monitoring of a slit increasing in depth in
26.4 mm steel plate.

Dowtherm A has been used as couplant and a

single probe has been employed to scan the point of maximum
penetration of a slit grown by a circular saw blade.

The probe

angle (18°) was chosen such that shear waves propagated through
the plate at about 42°. The probe was moved in a line normal to
the slit plane and its translation AY necessary to get flaw signal
higher than the gain setting of the equipment (which is 6 dB below
the maximum amplitude) was measured.

The results are shown in

Fig. A2. According to the principle on which the method has been
based, a monotonically increasing relationship between flaw depth
a and AY is anticipated, after a certain threshold value of a is
reached.

The figure does not indicate such relationship.

Instead,

it may be concluded that AY does not change considerably with a.
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That conclusion is in agreement with the results of Lack [A3] who
reported constant notch depth using the method with two probes
technique and oblique beams.

It is worth noting, also that in

Ref. [A3] the threshold value for "a" was very large (28.58 mm), after
which AY changed with the increment of flaw size.

1.2

Null Method
In this technique, defect size may be estimated from the

translation of probe to get the signal continuously larger than a
certain gain level.

This is in contrast to the 6 dB and 20 dB

methods where the sensitivity level changes with the maximum energy
received from each size of defect. A fixed gain level has been
adopted for the Japanese Steel Works standards, [A4] in particular
a vee notch of depth 1 percent of the plate thickness, is used
with single 45" angle beam to scan pressure vessels.

The same strategy

has been suggested in Ref. [A3] as an equivalent approach to the
6 dB method for single reflecting surface, but of great usefulness
for complex reflecting surfaces such as large jagged cracks.
Nakamura et al [A5] have used the method to size fatigue cracks in
circular axles of railway vehicles using either the distance between
0 to 0 signal or between two fixed signal heights.

The calibration

curve has been obtained experimentally from increasingly deep
artificial crescent shaped slits, with 45° angle probe.
Rather than obtaining an experimental calibration curve as
in Ref. [A3yA5], DiGiacomo et al [A6, A7] have used the principle
mentioned above to size fatigue cracks in welded plates.

They
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proposed the situation shown in Fig. A3

with

two positions of the

probe such that the defect signal is barely visible on the CRT.
The ultrasonic beam is considered to be of semi angle y, which
depends on the sensitivity level of the instruments.

The transducer

is moved slowly towards the flaw and the ultrasound path through
the plate, corresponding to the positions where signal is about to
appear and disappear, are measured from the CRT.

From geometrical

considerations, as shown in Fig. A3, crack depth may be obtained
theoretically.

A correction has been introduced for the difference

in geometry between crack tip and crack corner with plate surface.
Estimation of crack size using such a technique is independent of
beam divergence or signal amplitude, since Y is a variable that can
always be calculated from the equations for the DiGiacomo model.
The above speculation to explain the mechanism of signal
appearance and disappearance suggests that ultrasonic path is
constant for the case corresponding to first appearance of the
signal, as the reflecting point is point P in Fig. A3. Furthermore,
it is expected that the ultrasonic path corresponding to last
appearance will decrease as crack depth increases.
The scanning process has been used to size a slit in a
26.4 mm steel plate using the immersion technique with Dowtherm A
as couplant.

The slit depth has been increased periodically and

the time corresponding to the first appearance, T , and the disappearance of the signal, T., has been measured from the CRT for
different gain levels of echoskop.

The results of scanning at the

point of deepest penetration of the part circular slit sawn by a
50 mm diameter saw, are shown in Fig. A4.

The results indicate
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that T

is Indeed a constant, but T

exhibits a decreasing trend

for short cracks up to a certain maximum value after which T 2
becomes constant regardless of slit depth.

This trend has been

observed for'three different levels of gain.

Such behaviour cannot

be explained by the model of DiGiacomo et al.
Our interpretation of what happens as the signal
is about to disappear is shown in Fig. A5.

It will be assumed that

the ultrasonic beam has an effective zone conical in shape.

The

vertex angle of that cone increases with the increase in instrument
gain.

The last ray in that cone makes angle of incidence a with

the normal to plate surface.
in the plate with angle 3.

That ray propagates as shear wave

It is also assumed that this ray is

received by the crystal after two reflections from both the slit tip
and the plate bottom surface, as in the path A B C

1

D' E' Ff in

Fig. A5. At a certain depth of slit, a
, that ray is received
max
at the crystal edge, as illustrated by path ABCDEF.
depth a > a
equals a
.
max

If the slit

, the reflection occurs from the slit side at height
In other words large cracks appear to the transducer

exactly as a corner.

Usually, the height h 1 of the lower tip of

the probe, of diameter D , can be measured accurately.

The time T

required to complete the path following ABCDEF in Fig. A5 is
T

h + h" +
cosa

2t

,

with
sina/c^ = sin 3/c ST

(A2)
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Solving the above two equations, with T taken equal to the lower
constant value in Fig. A4, a can be obtained for each gain level.
h and h" are calculated from geometrical considerations of Fig. A5.
a

may be given by

a

where D

c

c (sin9 tana + cose)
max ~ 4
tan 3

, ,.
KAi)

and 6 are the crystal diameter and probe angle respectively,

If notch depth 'a' is less than a

, the probe has to be moved

away from it until the portion of ultrasound incident on plate
with angle a is reflected at the tip as shown in Fig. A5 by the
path A B C

D' E 1 F.

The length of that path is longer than ABCDEF

corresponding to a
. Time, T , required to complete that path is
max
a
T = T (1 ) + T () ,
a
o
a
a
max
max

a S a
max

(A4)

where
2h
2t
To = c^ cosot ++ c cosg
gT

Equation (A4) has been plotted in Fig. A4 for the three different
gain levels used in the experiment.

Good agreement between the

equation and the experimental measurements is obvious.
Although only one experiment has been conducted so far,
many factors support the multiple reflection interpretation outlined
above.

There is good agreement between experiment and theoretical

calculations for a
and T . Also, the model indicates that probe
max
a
distance frqm notch follows the same trend as the time, i.e. linearly
decreasing up to a » a
and constant for a 5 a
.
e
e
max
max

Indeed that
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•
is the trend proven experimentally as shown in Fig. A6, although
larger scatter exists.

It is also noted in the results of DiGiacomo

et al [A6] that their model underestimates the fatigue cracks they
investigated.It should be emphasized that there is no discrepancy between
the present interpretation and that of DiGiacomo et al [A6]. Their
model suggests that the last appearance of signal occurs following
ABCBA in Fig. A5, i.e. by reflection or diffraction from the crack
tip.

Good agreement with actual sizes has only been achieved when

the tip signal has been considered and its last appearance was the
basis of calculations. When that signal has been neglected, large
underestimatin has been obtained.

The present interpretation deals,

on the other hand, with the last appearance of the flaw envelope.
The model of Réf. [A6] should be accurate if the crack tip signal
is recognizable, in which case time domain methods, mentioned below
are well applicable.

The present suggestion

require such recognition of tip signal.

does not, however,

Therefore, it has been

demonstrated to be applicable at low gain level (44 dB), whereas
model of Réf. [A6] should not be applicable at such low gain level
at which tip signal does not appear at all.
The conditions of applicability of the present model is
that the exit point A be in the centre of the crystal and equipment
stability ensures constant sensitivity.

More important is the basic

assumption, used also in Réf. [A6], that the reflectivity of flaw
is constant \across its length.

Roughness of flaw surfaces, extreme

tightness and change of penetration direction are very important
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factors to be investigated further.

The present model does not

assume a symmetrical beam as required in DiGiacomo's analysis.

2.

Methods Exploiting Time Domain with Contact Probes
Information in the time domain may be measured in absolute

values with high precision.

Rayleigh (surface) waves may be used

to size cracks breaking an accessible surface. Various techniques
to size such defects are used [A8], such as Rayleigh wave transmission,
surface wave pulse echo and Rayleigh wave mode conversion.
meter measured in all of them is time.

The para-

Potential and limitations

of using surface waves are reviewed in details in Réf. [A9].
lise of bulk waves propagating through the body of the
material of the component, rather than the surface are also particularly attractive.

Many strategies exploiting time domain using

longitudinal waves and contact probes, have been used [A10 - A13].
These techniques rely on the ultrasound diffracted from the buried
crack tip.

Fig. A7 illustrates the technique used in Réf. [A10 -

A12], where it can be seen that the first signal arriving at the
probe

will be that diffracted from the crack tip.

time of that signal depends on the crack depth.

The transit

The arrangement

has the additional advantage of being able to move the transducers
closer to get the minimum time of signal.

That approach overcomes

the possible error due to changes in orientation or penetration of
crack [A12].

However, the small entry angle required for small

cracks (<4.$ mm [All]), does not allow accurate measurements, as
the changes in time with crack depth are very small (=10 nsec/mm).
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More accurate timing, up to a factor of four, yielded reasonable
results for cracks as small as 1 nan. Another limitation of the
method is that the crack length should be of equal or greater length
to the ultrasonic beam width for the depth measurement to be valid
[A10],

The elimination or reduction of surface waves generated

from the transmitting probe is a prerequisite if the technique is
to be used with cracks not breaking the surface, and for surface
tight cracks which ultrasonic waves may cross.

The accuracy

reported for the arrangement shown in Fig. A7 is Hh 0.2 mm [All]
for artificial defects and comparable accuracy has been observed
for fatigue cracks.

For the latter defects, the technique is particu-

larly useful since the effect of tightness of cracks, leading to
"semi-transparent" cracks, does not affect the crack tip region
where the diffraction of ultrasonic energy takes place.

This will

be discussed in more detail later.
A similar arrangement, Fig. A8, has been used in Ref.
[A12] with very high degree of accuracy in sizing fatigue cracks.
That method, however, might not be applicable for testing of pipes
[A8] because of the possible confusion of the crack tip signal with
those due to bulk waves creeping along the curved surface, Fig. A9,
and/or energy partially transmitted through tight cracks.
Another method, first proposed by Underwood [A1A], is
illustrated in Fig. A10. A normal beam probe is directly placed on
the uncracked side of plates and receives the energy diffracted from
the tip.

The time of that received signal depends on the depth of

the crack.

The technique has been used in Réf. [A13] to size tight
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fatigue cracks In steel plates with variable degree of accuracy.
Comparison of the results with those obtained using the two probes
technique, Fig. A7, indicates that the latter is much more accurate.
A shear wave oblique beam has been used by Lloyd [A15]
as mentioned in Réf. [A8] to size defects as shown in Fig. All.
The crack is scanned and the diffracted energy from the tip appears
as a small signal preceding the specular reflection of the crack.
A single probe of oblique beam was used in
Réf. [A13].

Longitudinal waves were directed to the crack tip and

the transit time of the diffracted ultrasound was recorded at two
different positions of the probe relative to the tip, as shown in
Fig. A12.

From the knowledge of those and the distance of probe

movement, S, the crack tip depths were

estimated.

Reasonable

results were obtained for slits and comparable accuracy for fatigue
cracks. Accuracy could be increased by employing maximum spacing
possible between the two probe positions.
The same technique has been investigated in Ref. [A13]
using oblique shear waves. Much less accuracy has been reported
for calibration slits, but moderate success for fatigue cracks.
However, in the latter cracks, the crack tip reflection could not
be reliably identified in 40% of the scan positions.
Time methods, employing contact probes, has also been
successfully applied to Polymethylmethacrylate (PMMA) [A16].

End-on

single probe oblique beam and double probe techniques have been
investigated for slits.

The sing.'.e probe method has also been

used to monitor the growth of fatigue cracks in 25.8 mm thick PMMA

|
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I
plates using longitudinal waves.

Two starting notches were

I

cut into each plate to represent an irregular surface crack.

m

crack was then grown environmentally by pouring alcohol inside the
slit.

I

The

The plate was then fatigue loaded in axial tension. Actual

crack depth has been estimated optically using a travelling microscope in the manner followed in Réf. [A17],

The correlation of the

I

ultrasonic and optical estimates of the crack depth are shown in

•

Fig. A13.

Fig. A14 represents the ability of the technique to define

crack profile.
I

Crack tip signals could be easily identified, when using
the oblique beam single probe technique, at the maximum penetration

•
•

• of the crack and at two other adjacent points on the front, points
4 and 6 in Fig. A13.

No crack tip signal could be reliably

recognized on the other monitoring stations after some crack growth.
I

This may be attributed to the steepness of the crack front at the
other points.

Indeed, steep cracks and slits represented a problem

•

in the two probes system [A12], shown in Fig. A7.

It is expected

1

that if the slope of the crack or slit profile exceeds 30°, factors
such as diffraction and interference seriously weaken the signal.

I

Time domain analyses offer potential advantages over the

I

quantitative use of amplitude.

'

interference, variations of coupling and reflectivity of flaws.

I
I
I
I

They are less prone to effects of
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However, presence of inclusions and/or laminations may
cause confusion as the interference of their echoes could be misinterpreted as real cracks. In quality steels the intensity of diffracted
energy is much greater than that from inclusion echoes as reported
in [All, A12], In spite of that, reliable Identification of the
crack tip reflection may be a problem, especially for small cracks.
The variation of the surface of material under test has
been found to be a serious source of error [A12].

That indicates

that the utmost accuracy obtainable by any technique is the surface
roughness.

Other factors such as small changes of coupling layer

or small changes of probe separation, Fig. A7, have been found to be
of negligible effect.
Two other important factors, affecting the accuracy of
time domain analyses, are any changes in pulse shape and any significant variation in material attenuation over the ultrasonic frequency
range within the pulse.

The former factor may be attributed to

short-term variations in the crack profile which cause the returning
pulse to be the sum of varying components of slightly different
and random phase relationships, whereas such factor as dispersion
can be ruled out [A12].

The latter restriction is reasonably

satisfied at practical frequencies, e.g. 2.5 MHz, but may no longer
be true at high frequency, e.g. 15 MHz [All].
A further potential problem with time-based techniques,
as well as all ultrasonic methods, arises from the possible presence
of tight cracks. For methods based on signal amplitude, propagation
of ultrasonic energy through such tight cracks leads to serious

I
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I
errors in sizing the flaw.

Applying tensile loads to open the crack

•

helps to reduce scatter of results and increasing the accuracy of

M

amplitude methods.

Experimental evidence in Réf. [A12] confirms that

the crack tip region, effective in diffracting ultrasound for tiroe•

domain-based techniques, is independent to a large extent of the
applied load on the crack.

I

3.

Time-based Immersion Technique
To date, all reported time-domain techniques that were

|

successful have been

made

with contact probes.

To the best of

the authors knowledge, the only immersion technique tried, Réf. [A10],
•

using two probes on the cracked side of the plate with isolated

I

water baths mounted on either side of the slit, was that shown in
Fig. A15.

This arrangement was tried to solve the difficulty of

I

identification of tip signal from short cracks when the diffraction

j

technique, shown in Fig. A7, was used.

This difficulty arose from

depending on resolution of signals obtained from steep angles of
I

contact probes.

The results obtained were poor and the technique

was abandoned.
I
-

Preliminary experiments on time-domain immersion
techniques have been carried out as part of the present
study.

I

I
I
I

If the probe is scanned in a plane normal to the crack

plana, as shown in Fig. A16, the crack tip signal precedes the
envelope of the crack signal as the probe is moved away from the flaw.
The crack size 'a* is obtained from solving the three simultaneous
equations
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sin"1
y = H tan8 + z tan<(>
and

where c

T = 2(h/c£ cose + z/c

(A6)
cosi(i)

(A7)

is the longitudinal wave velocity in the liquid and c
J6

is

Sx

the shear wave velocity in steel.

Shear waves, rather than longitudinal

waves, were employed since they were also used for defect sizing at high
temperature by the amplitude method, as mentioned in this report
and in Réf. [A18].
Equation (A7) indicates that the time T required for
propagation through the two media and reflection or scatter back
varies linearly with the flaw depth a.

This, of course, is based on

the assumption that the tip signal appears maximum when the same
ray strikes on the crack tip, i.e. 6, and consequently <J>, are constant.
This assumption is plausible when the radiation pattern of the
crystal does not change.

This requires, besides the stability of

waveform and constant attenuation throughout the two media, that
probe angle and height, h, te fixed. The single probe technique has
the advantage that 'a' may be calculated independent of any changes
in the direction of penetration of the crack.

It is worth noting

that this technique does not require special instrumentation for
reading very small changes in time, as required for example with
the diffraction model illustrated in Fig. A7 when used to size cracks
less than 5 mm.

Since the Echoskop LEHFELDT MPT 10 used in the

present stutdy has accuracy of time measuring in the order of O.ly s e c ,
it offers potential possibility of detecting changes in the crack
depth of the order 0.088 mm, if <j> * 45° and steel is tested.
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Figure A17 illustrates the linear relationship between T
and Z.

The data was obtained from slits as well as from small side

drilled holes representing crack tips.

This illustrates the possibility

of obtaining'the calibration curve experimentally either from slits
of variable depth or from small holes at different levels from the
surface.

Figure A18 however, indicates large scatter in the probe

distance from the crack plane at position where tip signal is maximum.
No interpretation is available at this time for such scatter.

Measuring

that distance in real situations, particularly for inaccessible
crack, may not be possible.

Errors might also arise from unknown

changes in crack penetration direction.

Therefore, it is generally

advisable to construct an experimental calibration curve for T vs. Z
and use it for subsequent defect sizing.
Figure A19 shows T vs. a, as obtained for the case of a
slic increasing in depth to represent a growing fatigue crack.

A

50.8 mm diameter and 0.89 mm thick saw blade was used to
enlarge the slit depth.

Dowtherm A was

used as a couplant.

figure again proves the linéarité of that relationship.

The

Fig. A20,

however, shows large scatter when using probe distance Y or Y1 as
already mentioned above.
It should be mentioned that the single probe technique
proposed here is based on a further assumption, other than that of
same ray striking the tip.

This assumption implies that different

factors, such as interference, affecting signals amplitude are working
in such a manner that they only affect amplitude and not the position
of the maximum signal in the time domain.

In other words, the envelope

I
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I
of tip signal will be affected in the manner A not B or C in Fig. A21.
•

Effect B will contribute

•

linearity.

I

the measurements where tip signal appears maximum in two different
positions of the probe. Such behaviour has been observed infrequently

An envelope of type C has indeed been observed during

and only for short cracks.
such cases.

I
I
I
I
I
I
I
I
I
I
I
I
I

to the deviation of time measurement from

The average value of T has been used for
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Figure Captions

Figure Al

Schematic presentation of echo dynamic method

Figure A2

Results of 6 dB drop method

Figure A3

The Null Method proposed in Ref. [A6, A7]

Figure A4

Comparison of predicted and measured time of first and
last appearance of defect signal for slit of increasing
depth in steel plate

Figure A5

Interpretation of last appearance of flaw signal

Figure A6

Probe distance at last appearance

Figure A7

Diffraction method used in Réf. [A9]

Figure A8

Diffraction method on unflawed side

Figure A9

Difficulty with pipes

Figure A10

End-on technique

Figure All

Shear waves, single probe technique

Figure A12

Single probe-double reading technique

Figure A13

Fatigue crack growth as monitored by single probe
method in PMMA

Figure A14

Fatigue crack profile predicted by oblique beam in PMMA

Figure A15

Immersion technique used in Réf. [A10]

Figure A16

Immersion single probe technique proposed

Figure A17

Time measurement using side drilled holes and the variable
depth notch of test plate II. Immersion test.

Figure A18

Probe distance for maximum signal of side drilled holes
and slit-tip
\
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Figure A19

Time of maximum signal of tip for a slit increasing
in depth.

Figure A20
Figure A21

Immersion testing using Hartung rig.

Probe distance for maximum tip signal using Hartung rig
'Possible effects of interference on time measurements
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