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1.0 EXECUTIVE SUMMARY

The objectives of Phase II of this study included:

1. Validate the Phase I ultrasonic model, particularly its ability to
predict the minimum detectable flaw size as a function of geometry.

2. Evaluate effect on the ultrasonic model of mater1a1 coat1ngs likely
to be used on TLP tendons.

3. Evaluate effect on model of Marine Biofouling.

4. Determine correlation between ultrasonic calibration using EDM
notches and actual fatigue cracks.

5. . Carry out a suitable 'blind test' to determine typical detection
' probabilities for actual fatigue cracks in threaded tubulars.

6. Update the Phase I failure analysis model as necessary to incorporate
the experimental results of Phase II.

7. Make recommendations for tendon system design and inspection
methodologies.

A1l of these objectives have been met with the exception that the "blind test"
(Objective #5) was not carried out. A decision to eliminate this objective
was reached after reviewing the data relevant to the sensitivity of thread
form inspection. It appeared that the planned tests would not be directly
applicable to actual tension leg p]atform tendon coupling designs.

Eighteen separate test pieces with 81 cracks or notches were used in this

study to determine the effect of the various parameters on ultrasonic flaw
detection ‘and sizing. The results are summarized below.

1) Validation of Phase I Model

The model proposed in Phase 1 (Equation 3.1) is conservative for
identifying the minimum detectable EOM notch size in a given geometry
based on 0.001 echo response. However, it can not be used to accurately
size defects much in excess of the minimum detectable size. An improved
model is suggested. Attenuation in the materials considered for tension
leg platform tendons in this study (i.e., HY-80, 4340, 2 1/4 Cr-Mo).is
very low compared to some eng1neer1ng materials and large grained steel.
This means that beam spreading is the largest factor in loss of signal
over distance. Inspection over path lengths of 600 mm round trip and
greater are possible,

2) Effect of Marine Coatings

Coatings on materials can influence the transmittance and reflection of
ultrasonic beams. Epoxy coatings cause about 20% loss in signal strength.
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Effect of Marine Growth

Marine growth affects inspection significantly when the ultrasonic
inspection is performed through the growth. Cleaning methods were tested
showing scraping followed by bristle brushing was best. Scraping did not
appear to seriously damage aluminum flame spray coatings.

Fatigue Cracks Compared to EDM Notches

Fatigue cracks of a given depth, in general, provide a lower reflection
than electro-discharge machine (EDM) notches of equivalent depth. The
average from the measurements of the response from fatigue cracks was less
than 50% of the response from notches. This results in a need for more
conservative requirements when setting standards to EDM notch sizes. The
amplitude of signals from EDM notches and fatigue crack defects was found
to generally increase with size but not proportionally to the defect

size. At larger sizes (6 to 8 mm) deep, the amplitude response often
saturated or reversed. These results are for fatigue cracks in unstressed
specimens. Further tests are recommended with fatigue cracks under
tension where ultrasonic response is expected to be greater,

Effect of Welds

Weld inspection can be inhibited by root and crown reflections if they are
not removed. Allowance for weaker signals from fatigue cracks than
notches causes the fatigue crack detectability limits to be even worse in
the presence of unprepared welds. Tests with fatigue cracked specimens
are recommended to determine crack detectability. Weld defect detection
and. sizing can be improved by imaging and signal timing methods.

Effect of Thread Pattern

The design of the thread pattern can strongly influence the interpretation
of signals from thread roots or defects as a function of angle. This
implies that optimum beam angles can be selected, and overall connector-
design should allow for the access of these beam angles to the inspection
regions. Sizing of cracks in threaded geometries is expected to be more

accurate using a shadowing technique rather than amplitude response.
Thread design can be optimized to enhance this sizing method.

These results lead to significant conclusions regarding the design of TLP
tendons for inspectibility:

o

Thread designs should consider the potential for fatigue cracks in
critical areas to be "shadowed". Finer thread forms will generally
be more inspectible. :

Weld root and crowns should be removed to increase detectibility
limits.

The results contained herein should provide a quantitative basis for
evaluating these and other design tradeoffs.
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2.0 INTRODUCTION

The ‘Inspectability of Tension Leg Platform Tendons' program is a

multiphase study to investigate tension leg platform (TLP) designs and how
various parameters affect the inspectability. During the Phase I portion of
the program, nondestructive evaluation (NDE) methods were evaluated for their
applicability to in-service tension Teg structure inspection.

Phase I of this study was initiated under the Small Business Innovative
Research Program of the U.S. Department of Interior Minerals Management
Service. During Phase I, the requirements for in-service inspection for TLP
tendons was examined and non-destructive evaluation (NDE) methods were
evaluated for their applicability to in-service tendon inspection.

The requirement for inspection was examined from the standpoint of tendon
damage tolerance under various loading and other scenarios. The results
indicated that in relatively benign fatigue environments and with suitable
designs, the frequency of in place inspection could be very low - even beyond
the intended service life of the structure. In very severe environments the
inspection frequency could be less than the service life, however in any event
design specific damage tolerance analysis is required to determine a suitable
inspection interval. In any event, the Phase I analysis indicated a
desireable threshold for crack detection in the range of 4-8 mm deep.

Ultrasonic NDE was found to be the.most viable method for the conditions,
designs, and inspection needs. An ultrasonic model was developed for
nondestructive evaluation in complex geometries. The model was a mathematical
simulation of the ultrasonic inspection, dependent upon the geometry under
test for threaded connectors in tension leg platform design. Results of the
Phase I investigations have been reported in the final report for Contract 14-
12-0001-30204 (May 4, 1985).

The Phase II study has assembled materials and geometries of interest to
experimentally test the model for predicting the acoustic response from notch
defects. The Phase Il program seeks to investigate factors that influence
ultrasonic inspection defect detectability and sizing such as the material,
coatings, and marine growth. Welded coupling design is also considered. The
correlation of notch defect signal response to fatigue crack signal response-
is also evaluated in the program. ‘ _

The Phase Il program consists of sixteen major tasks. Table 2-1 lists the
complete program. During the course of the study additional tests have been
added and some tests deleted. Included among the tasks are measurement of the
acoustic attenuation in materials of interest, measurement of the acoustic
response from notches in coupling geometries without threads, measurement of
acoustic response in the presence of threads, measurement of the affects of
material coatings on the acoustic response, and measurement of actual

fatigue cracks for response comparisons. Both threaded connectors and

welded tendon connector geometries and materials were examined. Table 2-2

"lists test specimens used in the program.
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TABLE 2-1
PHASE II TASKS
Task Title
Planning
Fabricate test samples

Connector test samples
notch response measurements

Welded test samples
notch response measurement

Fabricate thread samples

Test threaded samples

Correlate model

Marine growth surface effects

Fatigue crack calibrations

Connector acquisition

Connector calibration test Not completed in program
'Blind' test Deleted from program

Connector fatigue cracking Deleted from program

UT of fatigued connector | Not completed in program

Joint project participation
Analysis and reporting
Additional tests: _ Added to original program

Image sizing from C-scan of SKOO1
Transducer spectrum analysis
Shear beam spread over long path
Off axis response calculations
Flame spray surface condition
Angle beam on barnacles

Repeat fatigue crack measurements
Weld defect imaging

4
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Task Specimen

3
3
3

3

1
2
3

4

4A

6A

13
14
15
16

5A
5AA

2 1/4 CriMo is

Purpose
Attenuation
Attenuation
Attenuation
Flaw Size and

Flaw Size and

Location Effects
Same as 4 and 5

Weld effects

Weld effects
Thread Effects

Thread Effects

Marine Growth

Marine Growth

EDM notch versus

fatigue crack
Same as above
Same as above

Same as above

Same as above

Same as above

TABLE 2-2

Geometry

8 x
8 x
8 x

{ 20 x
Location Effects

20 x

20 x
20 x
20 x
20 x

20 x

20 x

TEST SPECIMENS

< 1 3/8

2.5

2.5

2.5

2.5

Material

2 1/4 Cr-1Mo[1]

HY-80
4340

2 1/4 Cr-1M
2 1/4 Cr-Mo
2 1/4 Cr-Mo

HY80/uT70 (2]
X-60

2 1/4 Cr-Mo

2 1/4 Cr-Mo
4340 Al Flame
Sprayed

4340 Al F]éme
Sprayed

2 1/4 Cr-Mo

2 1/4 Cr-Mo

2 1/4 Cr-Mo

2 1/4 Cr-Mo

2 1/4 Cr-Mo
2 1/4 Cr-Mo

WT70 is Nippon prioprietary steel similar to HY-80

Comment

Bafe Metal
Epoxy Coated

Tool Joint
Dimensions
Chevron
Conoco

Buttress
Thread :
API V Thread

Fouled and

Water Jet
Cleaned

Fouled and
Scraped/
Brushed

EDM Notch

Fatigue
cracked
Fatigue
cracked
Fatigue

. cracked

Fatigue crack
in thread

Fatigue-crack
in thread

designation for ASME SA 387 Class 1 Steel

A1l alloy steel was heat treated to attain a minimum 50 Rc as
quenched hardness, and tempered to a maximum 30 Rc.
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Figure 3-1.

Example of ultrasonic reflection from a defect proportional
to defect size.
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Fatigue Crack at
Thread Root

Ultrasonic Beam

Figure 3-2. Threaded connector example of tension leg tendons with fatigue
crack at root of thread.
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Fatigue
Crack

Transducer

Figure 3-3.

Welded connector example of tension leg tendon with fatigue
crack in the heat affected zone of weld.
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Figure 3-4. Corner trap reflection a) Beam configuration. b) Equivalent
sized planar reflector when beam is at 45°,
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3.0 BACKGROUND

During Phase I the ultrasonic model was developed from the basic E
principles of ultrasonic propagation and geometric optics. The equation for
the acoustic response from a defect was given by:
c 2_-a2d SSSf

1R e
4222

P/pg = (3-1)

Measured echo responsevpressure_amplitude.
Transmitted pressure pulse amplitude.

Reflection coefficient (=1.0 if beam path does not include
reflection from a wall).

Attenuation coefficient.

Nominal distance between source (transducer) and reflection
(crack). '

Area of acoustic source,

Area of reflection.
Acoustic wave length.

Transmisivity coefficient between water and steel.

Equation (3-1) was derived from Kirchhoff diffraction theory considerations. -
This theoretical model assumes that the defect is planar lying in a plane
perpendicular to the ultrasonic beam and that the beam is larger in diameter
than the defect. Under these circumstances the energy reflected from the
defect will return to the transducer and will be proportional to the defect
size., Figure 3-1 demonstrates this condition. The model includes terms for:
the transmission of ultrasound across a boundary, reflection at a surface,
attenuation over a path length and response from a reflector based on source
and reflector size and beam spread. Values for the terms in this model.can he
found in the literature [Krautkramer].

The general geometric configurations of interest for tension leg platform
design are shown in Figures 3-2 and 3-3. Figure 3-2 shows the threaded
connector and Figure 3-3 the welded connector. The growth of fatigue cracks
at roots of threads or in the weld zone will not form the simple geometry of
Figure 3-1. Instead, the crack and edge of the part will form a type of
corner reflector. It might be expected that the corner trap could be modeled,
as a planar crack of equivalent size to the shadowing effect of the beam as
shown in Figure 3-4. 1In cases where the beam angle is not 45° and/or the

10
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fatigue crack is not perpendicular to the surface the reflectivity of the
.corner is altered from that predicted by strict geometric raytracing
consideration. A beam will nevertheless be returned to the transmitting
transducer. The actual inspection of the tension leg connector therefore
differs from the theoretical model in terms of the ultrasonic beam and
orientation to the defect.

For actual inspections, transverse waves are preferred. Studies show that
longitudinal waves tend to have a lower response from surface breaking cracks
than transverse waves [Kapranos]. Also, when longitudinal waves are used in
angle heam techniques, transverse waves will also be present which can
generate confusing echo responses. In complex geometries, such as connectors,
it is preferred to use beam angles of transverse waves such that the
longitudinal waves are not present in the initially injected beam. This
minimizes the number of confusing signals from multiple modes of ultrasound.
Note, both longitudinal and transverse waves can he generated at reflection
and refraction interfaces with relative magnitudes dependent upon the incident
beam mode and signal. Transverse waves are also preferred because the
wavelength is smaller than the longitudinal waves which is important in the
detection of small defects.

The model of equation (3-1) is not the only model that could be considered. A

more complex model that represents the components realistically can be
developed as

PIPy = Cpy(8:8) Cppl6,0) R,S (8)e 220 f d—gge Jt-Zloos (8) a5 (3-2)

where
P is the measured response
PO . is the amplitude at the first interface.

Ci5(9.©) is the transmission across a boundary at incident angle ¢ in
1249, : ! . .
medium 1 and exit angle 6 in medium 2,

C21(0,d>) is the transmission across a boundary at incident angle 9, in
: medium 2 and exit ang]e ¢ in medium 1.

R21(e) is reflection at an interface of medium 2 and medium 1 with
angle 0,
@ is the attenuation coefficient.
- d is the path length to the reflector.
A is the wavelength.
R(B) ‘ is the reflection coefficient from the reflector as a

function of angle 8.

B is the angle between the beam and the reflector.
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is 2nf where f is frequency.
is 27,

is the surface of the reflector.

This model involves parameters that are more accurate than equation (3-1)
[Haines]. However, not all the parameters are well understood or readily
available. In particular, the parameter R(B) must be obtained for every
defect type of interest. Other models are under development and measurements
are being made of their parameters [Chapman, Coffey, Thompson]. In the future
much better predictions than the model of equation (3-1) will be developed.
Within the scope of the current program, however, the equation (3-1) model has
been used to gain insight into the ultrasonic inspection problem.

The amplitude response from defects, calculated from this theoretical model is
useful for predicting conditions which will allow ultrasonic inspections.
Other factors which influence inspectability are also important. These
~ include the effects of material selection and coatings on the material and the
presence bf marine growth and marine growth removal methods. These factors
will influence the predicted response from the model. The model predicts the
amplitude response as a function of defect size. Defect sizing accuracy is an
important element in inspectability. The amplitude response from defects has
traditionally been used for crack size estimation in most ultrasonic
inspection efforts., It is likewise well recognized that considerable
deviations from expected response as a function of size in standards versus
real defects exist. Factors such as defect type, shape orientation and
surface condition in addition to size will influence the amplitude response
[Rogerson].

The Phase I effort involved experimental tests of ultrasonic response from
defects to correlate to the model. Although the experimental plan tested the
response from geometries of interest it did not experimentally verify every
parameter. Terms such as C; and R were used as givens from theory, since they
are of relatively small overall consequence. Table 3-1 lists values of Cq
(transmission of ultrasound across a boundary) for beam angles utilized in the
study and Table 3-2 shows values for the reflection- (R) at an interface. Both
tables are taken from the literature [Krautkramer]. Attenuation and response
from a reflector are evaluated empirically in the tests. Variations from
expected trends must be explained in terms of the specific test conditions and
the limitations of the theory.

12
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Incident Angle

TABLE 3-1

COEFFICIENT FOR ECHO TRANSMISSION
FOR A WATER/STEEL INTERFACE

Refracted Angle

CoefficientggL

.17
.16

.14

13
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TABLE 3-2

REFLECTION COEFFICIENT FOR STEEL/NATER

INTERFACE OF TRANSVERSE WAVES

Incident Angle
(degrees)

45
60

75
77.5

14
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4.0 BASIC TEST PROGRAM

A basic test program was developed to investigate parameters that influence
inspectability in both threaded and welded tension leg connector geometries.
Tasks 1-8 of the Table 2-1 task titles were considered basic tests. The Task
16 additional tests are also part of the basic test program,

The verification of the ultrasonic theoretical model was performed for
representative parts of the threaded connector geometry in Task 3. The
threads were not included in the Task 3 measurements because there are no
factors in the model of Equation (1) to account for threads. Rather, notches
of selected sizes at selected locations on the tapered surface were used.
Later, Task 5 tests were run on threaded samples to establish how threads
affected measurements. Marine growth effects were studied for their effects
on the acoustic response in Task 7. Welded samples were also tested for
defect detection in the geometries of interest as part of Task 3. Finally,
fatigue cracks were generated in samples to compare with notch responses in
Task 8.

v

4.1 Experimental Technique |

The experimental technique for the Phase IIA 'Basic Tests' uses conventional
ultrasonic equipment. Measurements of ultrasonic response were taken in an
immersion tank with a manual, vernier driven scanner. Figure 4.1-1
illustrates the setup used. The pulser/receiver system consists of a Metrotek
215 pulser and 101A receiver. These modules have fairly standard performance
for the industry and are used in many modular component systems. The pulser
applies a high voltage spike to the transducer. The transducers are common
piezoelectric crystal materials. The primary set selected for the study is
made of lightly damped lead zirctitanate (PZT). This transducer gives a
relatively high response with a moderate bandwidth., Transducers of lead
metaniobate, highly damped are also available., These transducers have a broad
bandwidth and less noise than the PZT, but have a weaker response. The _
transducer crystals are cut to have a resonance at a specified frequency; 1
MHz, 2.25 MHz, and 5 MHz primarily. Used with the MP 215 pulser, however, the
ultrasonic beam generated will actually be composed of a frequency spectrum
about the center frequency. This 'real world' behavior of the
transducer/pulser performance differs from the theoretical approach of the
model where the calculations are based on specific frequencies values. The
measurements are intentionally made using the 'real world' performance
characteristics rather than developing specialized ultrasonic systems for
theoretical verification measurements. This approach has greater meaning for
future implementation of the technique in spite of reduced accuracy from the
model representation.

4,2 Transducers

A number of transducers were available for experimentation. Table 4,2-1
Tists the transducers. Appendix A includes transducer specifications. Not

15
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TABLE 4.2-1

TRANSDUCERS

Frequency Diameter Type - Manufacturer
(MHz) (Inch) :
5 1/2 SN-2 Sigma
2.25 1/2 SD-Z Sigma

1 1/2 SD-Z Sigma

5 3/4 SD-Z Sigma
2.25 3/4 SD-Z Sigma

1 3/4 SD-Z ~ Sigma

5 1/2 KS-50 Ultran

2 - 1/2 KS-50 Ultran
10 1/2 WS-50 Ultran

5 1/2 WS-50 Ultran

2 1/2 ' WS-50 Utran

1
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all transducers were used in the experiments because to do so would require
excessive testing time. The principal transducers were tested for the
spectral characteristics. Appendix A shows the results of the measurements.
The data was taken on the spectral content of a longitudinal beam in water and
a longitudinal beam that had travelled a large distance (approximately 150 ms)
in steel, Also a measurement was made from the echo of a shear beam in

steel. The measurements were obtained by digitizing an echo waveform and
Fourier transforming to produce the spectra. In many materials the
attenuation of the acoustic beam is a function of the frequency. It is
expected that over long path lengths, higher frequency contents of the beam
will be more attenuated than the lower frequency and the spectral contént will
be reduced. The spectral tests in 4340 steel did not show significant changes
in the spectral contents of the beams. If anything, the measurement shows a
sharpening of the beam at 5 MHz for the longitudinal beam over the long steel
path length. This indicates that the attenuation is low.

4,3 Attenuation Measurements

The attenuation of ultrasound in a material is composed of absorption

and scattering terms. In Phase I, theoretical modeling of these terms were
used to establish attenuation coefficients for calculations. The model was
based on an assumed attenuation value at one frequency and extrapolating to
other frequencies using the theoretical formula and constants for transverse
wave scattering [Papadakis]. The attenuation coefficient is estimated as:

3
a = X% for x> 2nd
a = df2 z for A < 2nd : (4.3-1)
wheré
A = the wave length
d = the average grain diameter
f = frequency

and S and I are material parameters, These equations indicate that
attenuation is expected to increase with grain size and frequency.

In Phase IIA test samples of the materials were obtained and measurements made
to determine values for the attenuation coefficient as a function of the
frequency of the test. The measurement technique assumes the return echo from
a transverse wave propagated through an isotropic media will be reduced in
intensity due to attenuation and beam spread (diffraction). Figure 4.3-1
shows a test object for measurement studies. Two methods of measurement were
used. One method sent the UT beam in on the slanting face and reflected off
the back walls over short or long paths. Another method sent the beam in on

18
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the side and reflected off the slanted face. Using a standard diffraction
spread that is inversely proportional to distance, the measurements result in
no scattering attenuation. This result could be expected if the measurements
are performed in test samples of limited size. In this case, the diffracted
beam interacts with the side walls of the part and contributes to the measured
signal. For the measurement techniques tested with the parts and instruments
available, the conclusion is that attenuation is very low.

Longitudinal waves are easier to work with experimentally for attenuation
measurements because the transducer is perpendicular to the part surface.
Although the part size may also affect the measurements due to sidewall

interaction, regimes of useful measurement are possible.

Table 4.3-1 contains a summary of the values obtained from longitudinal wave
measurements in samples. There is considerable scatter in the data.

Although fairly standard techniques for such measurements were applied
(Burkle, Szilard], such variations are not uncommon in these measurements, As
one author points out, few reliable absolute measurements of attenuation are
reported in the scientific literature [Green, 1984] due to problems which
include the coupling media affects which can contribute errors up to 20%,
anisotropy in the material under test and diffraction spread of the ultrasonic
beam. Also, attenuation measurements are usually performed in highly
attenuative material. That is not the case with the materials of this study.

In private communication [Green, 1986] it was also discussed that, depending
on grain structure, it is possible for the attenuation to be less at higher
frequencies, as indicated by the 5 MHz data in these studies, although general
theory predicts increased attenuation.

These attenuation values are useful in that they indicate the generally low
attenuation of the sample materials. The values from Table 4.3-1 are in fact
close to the values assumed in the Phase I study, except for the 5 MHz reduced
values. Table 4.3-1 also includes some values of attenuation for engineering
materials obtained from the literature [Papadakis]. The importanceé of the low
attenuation in the materials considered for tension leg platforms is that
longer beam paths may be used for inspection. Designing with highly
attenuative material could seriously limit the ultrasonic inspection path. 1In
weld zones, where grain sizes are altered, ultrasonic attenuation could be
affected. Measurements were made on a Conoco weld sample (20 mm thick) to
test for heat affected zone attenuation. However, in this relaitvely thin
sample the attenuation difference between zones around the weld and base
material could not be qualified. If larger welds are proposed in a design,
the affect of heat treatment and grain size should be considered.

These values have therefore been used in calculations of expected response,
for comparison to measured response in the next section. No correction of the
Tongitudinal attenuation to equivalent transverse wave attenuation has been
made. Transverse wave attenuation is generally greater than longitudinal wave
due in part to increased scattering of the shorter wavelengths present,
Nevertheless, the effect of the attenuation value over the path lengths in the
material is a small effect on the response value. The beam spreading is the
factor that contributes most to the loss of signal in the materials tested.

20
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TABLE 4.3-1

EXPERIMENTAL MEASUREMENT OF
THE ATTENUATION COEFFICIENT

Frequency ~ Attenuation Coefficient Standard
Material (MHz) (Np/mm) Deviation

2 1/4 Cr-Mo .0012 ‘ .001
: ' :0024 .001
.0013 .0008

.0009 -
.0023 .001
.00092 -006

.00092

.0016 .0009
.0014 .001

21
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4.4 Acoustic Response Measurements

Acoustic response measurements from notches have been made on basic test
samples. The acoustic response is a measure of the return echo pressure
relative to the input wave pressure. The response measured in these sstudies
is the ratio of the return echo peak voltage to the peak echo voltage from the
front surface of the part. When a shear beam in the material is used, the
front surface reference beam must be taken as a normal beam measurement with
the same water path distance to the front surface as applied for the shear
beam measurement. Prior to testing it was estimated that echo response
sensitivities of 0,001 would be detectable. This parameter was used in
determining minimum defect sizes to be included in test samples of various

path lengths. The response value expected can be estimated by Equation (3-1)
for simple geometries. ‘ ‘

Measurements were made on specimens 4, 5, and 6 (Table 2.2-1). Figure 4.4-1
shows the configuration for specimens 4 and 5. Specimen 4 was bare while
specimen 5 had an epoxy coating. The material is 2 1/4 Cr-Mo in both
specimens. Figure 4.4-2 is the configuration for specimen 6 and the material
is also 2 1/4 Cr-Mo. The Figure 4.4-1 and 4.4-2 test specimen configuration
can represent either box or pin portions of a connector. If the location of
the transducer is inside the tension leg the inspection of the threads will
involve a bounce path for the box inspection. Figure 4.4-3 shows the assumed
ray paths of the beams and Table 4.4-1 lists the general inspection conditions
for the response measurements on the two test samples. The pin inspection
(assuming an inside location of the transducer) is much simpler because the
beam enters the flat surface of connector geometry and has relatively short
path lengths to the threads. Angle beams of 45° and 60° were tested in this
configuration. For inspections with the transducer on the outside of the
tension leg the box and pin geometries are the reverse of those discussed
above. The difference on outside and inside inspection with respect to
geometry is the curvature of the connector. These tests did not consider
curvature. In small diameter legs this would create an additional parameter
to be considered by the analysis. '

The results of the acoustic response measurements are described in Appendix
B. The following conclusions were drawn from these measurements.

o -

Response sensitivities in the range of 0.0001 are possibie.

-

Trends of response follow predicted model.

o

Sizing of notches based on response using the model is not accurate.

Figures 4.4-4 and 4.,4-5 are two representative figures of the acoustic
response measurements., The calculated response shows a higher slope than the
measured. The measured response shows a leveling off of response with notch
size. This effect will appear again in the fatigue crack measurements as
well. The conclusion is that the model can be used for order of magnitude
estimates of response but not for accurate prediction of notch sizes. The
predicted 0.001 sensitivity proved to be conservative. All notches in the
test samples were detected. In general, the model is conservative for
predicting the minimum notch size, i.e. notches showed a greater response at
small sizes than the model predicted. This is helpful, because as later data
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s) /5' 45° 60° 75°

») 45° 60° 70° 77.1/2°

Figuhe,4.4q3; Ray paths used fot box configuration inspection of a) specimens
4 and 5, Figure 5, sk00l, and b) specimen 6, Figure 6, sk00S.
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Specimen Defect Set

TABLE 4.4-1

BEAM CONFIGURATION

Transducer Angle

(degrees)

Shear Beam
Angle (degrees)

4 and 5

19.4
29.4
24

26.9

19.4
24

26.1
27.2

27
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45
45
60
75

45
60
70
75

Path Distance
In Part (mm)

171
162
201
312

83
112
153
227




will show (Section 4,10), fatigue cracks have a lower response than EDM
notches. By increasing the echo response sensitivity factor for
detectability, this can be accounted for. A sensitivity of 0.00-2 is proposed
as a possible value for minimium fatigue crack detection. The model of
equation (3.1) can therefore be used in design studies to estimate minimum
detectability provided the assumptions of path lengths for far field
inspection are correctly applied (see Appendix B). If the minimum defect size
predicted by the model is greater than critical size requirements then a more

detailed analysis and testing approach would be needed to assure that
detectability could be achieved.

4.5 Coating Effect

The effect of coating on the acoustic measurements was tested by the
fabrication of specimen 5 with an epoxy coating. The coating was SkotchKote
206N following specifications of the National Association of Pipe Coating
Applicators (NAPCO), Bulletin 12-78., The results of Figures 4.4-4 and 4.4-5
show the response when the beam has used the bounce path of Figure 4.,4-3 on
the uncoated Specimen 4 and epoxy coated Specimen 5 surface. Figure 4.4-5
shows a significant loss due to the coating while 4.4-4 shows little change.
Tabulating all measurements, the response shows approximately a 20% loss of
signal. Measurement from the pin side configuration where the beam passes
through the coating with no bounce path also show the general trend of a
reduced signal of 20%.

Measurements were also made at four locations on the coated surface to
investigate the coating to metal interface. The following time separations
between the front of the coating and the coating/metal interface were found:
220, 340, 480, and 500 ns., If the acoustic velocity in the epoxy coating is
known, the thickness can be calculated. The locations were selected to cover
the range of thickness found on the sample.

4.6 Thread Effect

Threads were added to the specimens 4 and 5 (SKOO1 design) and specimen 6
(SKO06 design) to test the effect of threads on the acoustic response.
Appendix C contains details of the part changes for the thread effects

study. The addition of threads into the geometry of Figure 4.,4-3 complicates
the return echo signal significantly. The echoes from the notches in the
threaded geometry can become buried in the periodic spacing of thread

echoes. The pattern is a function of the ultrasonic beam angle and the thread
pattern design., This results in some important implications for the design of
threaded connectors to allow for inspectability.

Tests were performed using the box geometry of Figure 4.4-3 with beam angles
between 45° and 60°. Figure 4.6-1 shows a plot of the echo response intensity
from the threads as a function of ang]e for specimen 4A. With this thread
shape (EPR modified buttress) there is a strong response from the threads
around 45 beam angle in the steel which decreases with increasing angle.
Above 53 , the signal from the threads is significantly weaker, Figure 4.6-2
shows the response from notches in specimen 4A as a function of angle., 1In
this case, the notches show a better response around 53 than at 45 . In the
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Figure 4,4-4
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Echo Response

Response vs Notch Area for SKQQ1
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Thread Echo vs Beam Angle

S MH=z, 0.5 inch tronsducar

VSpefirnm 4A, Thread 43
30 -

20 A

107
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41 45

Shear Wova Angle (degraex)

Figure 4.6-1
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Notch Response vs Beonﬁ/Angké

S MHa, 0.5 inch transducar/Spaciman 4A

Shanr Wave Angla (deqrees)
4 mm & 2 mm

Figure 4.6-2
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ultrasonic waveform, the timing of the thread and notch signal are a function
of the beam angle. Figure 4.6-3 shows the presence of the thread signals with
and without a notch at 45° and 53° beam angles. Notice that if conventional
ultrasonic gating and amplitude detection is used, the flaw would need to have
a response greater than the 2 mm deep notch to be detected above the thread
signal in the 53° case and at 45° a 6 mm notch is far too weak relative to the
thread. At 60° beam angle the threads are not detectable. and so flaw imaging
is relatively easy, however the signal strength is not great and background
noise can inhibit small defect detection threshold level. '

In the specimen 6A geometry case, the threads are smaller than the specimen
4A, such that the ultrasonic beam covers a large number of threads. The
thread shape affects the angle at which maximum ultrasonic response is found
as shown in figure 4.6-4. These threads in fact look like notches. Figure
4.6-5 shows the threads with and without a notch present. The presence of a
notch is not readily detected by its response as shown in this figure because
the pattern is only changed slightly. The notch appears at the same time as
the thread, however, it shadows succeeding threads. The size of the notch can
be predicted from the number of threads shadowed. Figure 4.6-6 is an RF
B-scan image showing thread shadowing. Each line of the B scan is a grayscale
display of the ultrasonic RF waveform. The 3 mm deep notch casts a
significant shadow on a succeeding thread. The 2 mm notch has less effect and
the 1 mm notch little or no effect. This technique does not rely on echo ‘
response from the defect, it relies on the defect preventing ultrasonic
signals from passing through it so that features behind the defect are no
longer observed. The comparison of notch and crack in this case should be
closer than in the reflection amplitude case. The accuracy of the sizing
depends on the thread design.

The thread effects study has shown some truly interesting characteristics in
terms of inspectability. Thread design plays a key role in the ultrasonic
response. At certain angles and thread designs the thread echo can completely
mask the defects making inspection impossible. Other thread designs can be
used to enhance the relative response for reference or optimize for shadow
imaging of defects. It would appear that these smaller thread sizes are
advantageous for aiding inspection. :

4,7 Marine Growth Effect

The effect of marine growth on the inspectability was tested by biofouling two
test samples. Appendix D discusses the samples and testing. ’

The samples (labelled A and B) were made of 4340 steel with aluminum flame
spray coating on the outside surface. The other surfaces were coated with

~epoxy to protect them from biofouling., After one year in the Pacific Ocean,

they were brought in for testing. The testing involved comparing ultrasonic
signal response as a function of cleaning to determine the effect on
inspectability. Table 4.7-1 lists the cleaning and the general improvement in
straight beam ultrasonic reflection from the cleaned surface. Water jet
cleaning (at 5000 psi or greater) or plastic scraping with bristle brushing
are good techniques. With plastic scraping it is relatively easy to knock off
barnacles, although their residual glue remains on the surface. Following the
plastic scraping with a bristle brush is important in order to remove fine
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Thread Echo vs Beam Angle

5 MHz, 0.5 inch tmnsducear

‘ Shear Wave Angle (degrees)
0 Threod $2 + Threod 43

- Figure 4.6-4
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Figure 4.6-6.

3 mm NotcH

2 mm Notch

4¢— 20.5 s

RF-B-scan of specimen 6A showing thread-shadowing by 3.mm -
and 2 mm deep EDM notches. Image obtained with a 53°,
5 MHz shear wave.




TABLE 4,7-1

EFFECT OF CLEANING ON UT RESPONSE

Cleaning

- Specimen A

Water Jet
(5000 psi)

Specimen B

Plastic Scraper
Bristle Brush
Wire Brush

Al

UT Signal Improvement
2.25
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growth material. Further cleaning such as sandblasting or wire brushing does
not improve response, but rather damages the surface. The flame spray coating
was not noticeably damaged by the water jetting or plastic scraping with
bristle brushing.

Barnacles, or their residual, cause a significant change in UT amplitude.
Inspection over barnacle regions is therefore unreliable if based on UT
amplitude. Based on the biofouled specimens, the barnacle residual could
result in a 2% loss of inspectable area. When the inspection is performed from
a clean inside surface, the biofouling does not appear to influence the
response. For most inspections, the use of angle beams is important. The
bouncing of angle beams on a biofouled surface is not dependent on biofouling,
however there is some evidence that suggest a slight loss of signal if the
bounce is at a barnacle location. '

Overall, suitable cleaning can be obtained for UT inspection from the growth
side. Inspection from the inside does not require external cleaning.

4,8 Imaging

The evaluation of defects by peak ultrasonic amplitude measurement is useful,
but can be enhanced by imaging. In the imaging application, the peak
amplitude value is plotted as a function of position. This provides the
evaluator with a better means of interpretation.

Figure 4.8-1 is an image of the six EDM notches in SK0O1 (figure 4.4-1). A
60°, S5MHz beam was used. Notch depths are: E - 6 mm, F - 2 mm, G - 4 mm, H -
Smm, I -4 mm, and J - 5 mm. Figure 4.8-2 shows plots of the image area, 6dB
drop and peak response vs notch depth for the two sets of notches. FEach notch
set is plotted spearately because the acoustic path length are difference due
to the part geometry.

The area imaging results show better correlation to size in the H,I,J, case
than the peak response. The 6 dB drop is a method used in defect sizing
(Jessop]l. The distance between the 6d8 drop point from the peak signal is
taken in each direction along the defect. The data can be obtained from the
image and is plotted on the Figure 4.8-2 graphs on an arbitrary scale. The
plot for E, F, G show very poor correlation to depth. The dB drop method
often uses a 20dB point instead of six, however, in this data the results are
not any more favorable. The area of the imaged defect does appear to be
useful for interpretation. This of course, is particularly true for notches
with known aspect ratios. Fatigue cracks will also possess an aspect ratio
that falls within some prescribed bounds for the known geometry and stress,
Imaging is therefore useful to assess not only the extent of the crack, but
also estimate the depth. With threads present, however, the gate levels for
imaging are restricted by the complicated thread pattern and so the nice image
of 4.8-1 is not obtained. In the welded case, as will be shown in section
4.9, this is easier to perform. Images with threads and fatigue cracks are
also shown in Section 4.10. Because of the thread problem, the B-scan imaging
approach shown in Figure 4.6-6 is useful. Each line in the image is an entire
waveform. Many B-scan images must be viewed to make up the area of a typical
C-scan. This makes the inspection process much more data intensive.
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Figure 4.8-1.

L Y T

60 degree shearwave C-scan of specimen #5 from the uncoated

side.
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4.9 Weld Samples -

In addition to the threaded connectors, samples of welded specimens were
provided by Chevron and Conoco as discussed in Appendix E. The Chevron sample
was one inch thick flat plate HY-80 welded to WT70 material, and the weld was
ground smooth. The Conoco material was rolled and welded line pipe 20 mm
thick. Two samples were coated with epoxy and one was bare. The welds were
in the as welded condition with both crown and drop through. The crown was
approximately 25 mm wide consisting of about three beads and was 3 mm high. -
“The drop- through was approximately 8 mm wide with heights of between 0.9 to 3 a1
mm. EDM notches were placed in the Chevron sample and the coated Conoco
sample with notch depths of 5.1, 2.5, 1.3, 0.5, and 0.25 mm all with lengths
of 50 mm, - .

R

Measurement of the longitudinal beam attenuation in the weld material of the
small weld coupons indicated only slightly higher attenuation from the base
material. In general, both the Chevron and Conoco samples were relatively
clean acoustically. Because the samples are thin (20 to 25 mm), the
attenuation is not a concern for inspection.

Ultrasonic C-scan images were taken using the Sigma Research UT2000 ultrasonic
scanning 'system. A 5 MHz 0.5 inch diameter, six inch ground focal length
transducer was used, The scanning was performed using a 1/2 V path as if
inspection was to be performed from the outside of the tendon. Figure 4.9-1
shows the C-scan image of the flat Chevron piece at both 45 and 60 degrees
with the scanning performed from the HY-80 and WT70 side. A1l notches are
clearly detected by the scanning technique (reproduction images seriously
degrades the intensity pattern in the images). The notch images appear
proportional to their respective sizes. These prepared welds yield good
sensitivity to small defects. '

The Conoco specimen was scanned from the coated and uncoated sides simulating
outside or inside inspection respectively. The curvature of the specimen
prevented a single scan over the entire piece. Rather, small sections, where

- notches were present, were individually scanned. Figure 4.9-2 shows a
sectioned layout for scanning. Figure 4.9-4 shows the scan images for notches
A through E for the outside inspection using a 45 beam. All the notches are
detected. The smallest notch (E) is even seen through the weld. However, the
weld root is also imaged, and, in the case of an unknown inspection, the root
signal could provide a ‘false call', Table 4.9-1 lists the relative strengths
of the signals from the notches and the root for the outside inspection., The
root signals in the images are indicated to be on the order of a 1l mm deep
notch equivalent, Table 4,9-2 lists the relative response from the notches,
root and crown from inside inspection measurements at 2.25 MHz and 5§ MHz.

The notches have been shown to be inspectable by immersion, ultrasonic
C-scanning, however, the unprepared welds also generate signals that may be
misinterpreted as notch equivalent signals based on intensity, Imaging is
helpful in discerning the source of the imaged signal, however, fatigue cracks
will not necessarily have as distinct a geometry as notches. The signals from
the crown and root can generate responses in the range of 1 mm deep notches.
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R 0 491
Figure 4.9-1. Ultrasonic C-scan images of notches in Chevron test -
- : ‘plate: a) HY-80, 45° shear, b) HY-80, 60° shear, .
e c) WT70, 45° shear, d) WT70, 60° shear. -
a4




Figure 4.9-2 Section Layout for Scanning of Conoco Test Sample from Outside
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1.0 EXECUTIVE SUMMARY

The objectives of Phase II of this study included:

1. Validate the Phase I ultrasonic model, particularly its ability to
predict the minimum detectable flaw size as a function of geometry.

2. Evaluate effect on the ultrasonic model of mater1a1 coat1ngs likely
to be used on TLP tendons.

3. Evaluate effect on model of Marine Biofouling.

4. Determine correlation between ultrasonic calibration using EDM
notches and actual fatigue cracks.

5. Carry out a suitable 'blind test' to determine typical detection

probabilities for actual fatigue cracks in threaded tubulars.

6. Update the Phase I failure analysis model as necessary to incorporate
the experimental results of Phase II.

7. Make recommendations for tendon system design and inspection
methodologies.

A11 of these objectives have been met with the exception that the "blind test"
(Objective #5) was not carried out. A decision to eliminate this objective
was reached after reviewing the data relevant to the sensitivity of thread
form inspection. It appeared that the planned tests would not be directly
applicable to- actual tens1on leg p]atform tendon coupling designs.,

Eighteen separate test pieces with 81 cracks or notches were used in this

study to determine the effect of the various parameters on ultrasonic flaw
detection and sizing. The results are summarized below.

1)

2)

Validation of Phase I Model

The model proposed in Phase I (Equation 3.1) is conservative for

identifying the minimum detectable EOM notch size in a given geometry
based on 0.001 echo response. However, it can not be used to accurately
size defects much in excess of the minimum detectable size. An improved
model is suggested. Attenuation in the materials considered for tension
leg platform tendons in this study (i.e., HY-80, 4340, 2 1/4 Cr-Mo).is
very low compared to some engineering materials and large grained steel.
This means that beam spreading is the largest factor in loss of signal
over distance. Inspection over path lengths of 600 mm round trip and.
greater are possible.

Effect of Marine Coatings

Coatings on materials can influence the transmittance and réf]ection of
ultrasonic beams. Epoxy coatings cause about 20% Toss in signal strength.

1
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Effect of Marine Growth

Marine growth affects inspection significantly when the ultrasonic
inspection is performed through the growth, Cleaning methods were tested
showing scraping followed by bristle brushing was best. Scraping did not
appear to seriously damage aluminum flame spray coatings.

Fatigue Cracks Compared to ENM Notches

Fatigue cracks of a given depth, in general, provide a lower reflection
than electro-discharge machine (EDM) notches of equivalent depth, The
average from the measurements of the response from fatigue cracks was less
than 50% of the response from notches. This results in a need for more
conservative requirements when setting standards to EDM notch sizes. The
amplitude of signals from EDM notches and fatigue crack defects was found
to generally increase with size but not proportionally to the defect

size. At larger sizes (6 to 8 mm) deep, the amplitude response often
saturated or reversed. These results are for fatigue cracks in unstressed
specimens, Further tests are recommended with fatigue cracks under
tension where ultrasonic response is expected to be greater,

Effect of Welds

Weld inspection can be inhibited by root and crown reflections if they are
not removed. Allowance for weaker signals from fatigue cracks than
notches causes the fatigue crack detectability limits to be even worse in
the presence of unprepared welds. Tests with fatigue cracked specimens
are recommended to determine crack detectability. Weld defect detection
and. sizing can be improved by imaging and signa) timing methods.

Effect of Thread Pattern

The design of the thread pattern can strongly influence the interpretation
of signals from thread roots or defects as a function of angle. This
implies that optimum beam angles can be selected, and overall connector-
design should allow for the access of these beam angles to the inspection
regions. Sizing of cracks in threaded geometries is expected to be more

accurate using a shadowing technique rather than amplitude response.
Thread design can be optimized to enhance this sizing method.

These results lead to significant conclusions regarding the design of TLP
tendons for inspectibility:

° Thread designs should consider the potential for fatigue cracks in

critical areas to be "shadowed". Finer thread forms will generally
be more inspectible.

Weld root and crowns should be removed to increase detectibility
limits.

The results contained herein should provide a quantitative basis for
evaluating these and other design tradeoffs.

2
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2.0 INTRODUCTION

The 'Inspectability of Tension Leg Platform Tendons' program is a

multiphase study to investigate tension leg platform (TLP) designs and how
various parameters affect the inspectability. During the Phase I portion of
the program, nondestructive evaluation (NDE) methods were evaluated for their
applicability to in-service tension Yeg structure inspection.

Phase I of this study was initiated under the Small Business Innovative
Research Program of the U.S. Department of Interior Minerals Management
Service. ODuring Phase I, the requirements for in-service inspection for TLP
tendons was examined and non-destructive evaluation (NDE) methods were
evaluated for their applicability to in-service tendon inspection.

The requirement for inspection was examined from the standpoint of tendon
damage tolerance under various loading and other scenarios. The results
indicated that in re]at1ve]y benign fatigue environments and with suitable
designs, the frequency of in place inspection could be very low - even beyond
the intended service life of the structure. In very severe environments the
inspection frequency could be less than the service life, however in any event
design specific damage tolerance analysis is required to determine a suitable
inspection interval. In any event, the Phase I analysis indicated a
desireable threshold for crack detect1on in the range of 4-8 mm deep.

Ultrasonic NDE was found to be the.most viable method for the conditions,
designs, and inspection needs. An ultrasonic model was developed for
nondestructive evaluation in complex geometries. The model was a mathematical
simulation of the ultrasonic inspection, dependent upon the geometry under
test for threaded connectors in tension leg platform design. Results of the
Phase I investigations have been reported in the final report for Contract 14-
12-0001-30204 (May 4, 1985).

The Phase Il study has assembled materials and geometries of interest to
experimentally test the model for predicting the acoustic response from notch
defects. The Phase II program seeks to 1nvest1gate factors that influence
ultrasonic inspection defect detectability and sizing such as the material,
coatings, and marine growth. Welded coupling design is also considered. The
correlation of notch defect signal response to fat1gue crack signal response-
is also evaluated in the program. .

The Phase Il program consists of sixteen major tasks. Table 2-1 lists the
complete program. During the course of the study additional tests have been
added and some tests deleted. Included among the tasks are measurement of the
acoustic attenuation in materials of interest, measurement of the acoustic
response from notches in coupling geometries without threads, measurement of
acoustic response in the presence of threads, measurement of the affects of
material coatings on the acoustic response, and measurement of actual

fatigue cracks for response comparisons. Both threaded connectors and

welded tendon connector geometries and materials were examined. Table 2-2
"lists test specimens used in the program.

3
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TABLE 2-1
PHASE II TASKS
R Task Title
Planning
Fabricate test samples

Connector test samples
notch response measurements

Welded test samples
notch response measurement

Fabricate thread samples

Tesf threaded samples

Correlate model

Marine growth surface effects

Fatigue crack calibrations

Connector acquisition

Connector calibration test Not completed in program
'Blind' test Deleted from program
Connector fatigﬁe cracking Deleted from program

UT of fatigued connector ) Not completed in program
Joint project participation

Analysis and reporting

Additional tests: ‘ Added to original program

Image sizing from C-scan of SKOO1
Transducer spectrum analysis
Shear beam spread over long path
Off axis response calculations
Flame spray surface condition
Angle beam on barnacles

Repeat fatigue crack measurements
Weld defect imaging

4 :
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TABLE 2-2
TEST SPECIMENS

Task Specimen Purpose Material Comment

Attenuation 2 1/4 Cr-1Mo[1]

3
3
3

1
2
3
4

2 1/4 CrlMo is

WT70 is Nippon

Attenuation
Attenuation

Flaw Size and
Location Effects
Flaw Size and
Location Effects
Same as 4 and 5

Weld effects

Weld effects
Thread Effects

Thread Effects

Marine Growth

Marine Growth

 EDM notch versus

fatigue crack
Same as above

Same as above

Same as above

Same as above

Same as above

HY-80
4340

2 1/4 Cr-IM
2 1/4 Cr-Mo
2 1/4 Cr-Mo

HY80/wT70 [2]
X-60

2 1/4 Cr-Mo

2 1/4 Cr-Mo
4340 Al Flame
Sprayed

4340 Al Flame
Sprayed

2 1/4 Cr-Mo

2 1/4 Cr-Mo

2 1/4 Cr-Mo

2 1/4 Cr-Mo

2 1/4 Cr-Mo

2 1/4 Cr-Mo

prioprietary steel similar to HY-80

Bare Metal

Epoxy Coated

| Tool Joint

Dimensions
Chevron
Conoco

Buttress
Thread :
API V Thread

Fouled and
Water Jet
Cleaned

Fouled and
Scraped/
Brushed

EDM Notch

Fatigue
cracked
Fatigue
cracked
Fatigue

. cracked

Fatigue crack
in thread
Fatigue -crack
in thread

designation for ASME SA 387 Class 1 Steel

A1l alloy steel was heat treated to attain a minimum 50 Rc as

ARCTEC OFFSHORE CORPORATION

quenched hardness, and tempered to a maximum 30 Rc.




/ TranSducer

Reflected
Wave

Figure 3-1. Example of ultrasonic reflection from a defect proportional
to defect size.
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Fatigue Crack at
Thread Root

Ultrasonic Beam

Figure 3-2. Threaded connector example of tension leg tendons with fatigue
crack at root of thread.

/

7 .
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Fatigue
Crack

Transducer

Figure 3-3.

Welded connector example of tension leg tendon with fatigue
crack in the heat affected zone of weld.
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Transducer

Reflected
B am Transmitted
Beam

////

Transducer

orner Trap Defect

Figure 3-4.

Corner trap reflection a) Beam configuration. b) Equivalent
sized planar reflector when beam is at 45°.
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3.0 BACKGROUND

During Phase I the ultrasonic model was developed from the basic

principles of ultrasonic propagation and geometric optics. The equation'for
the acoustic response from a defect was given by:

: 2 -a2d S_S
p/p0 = -ClR e i
42r2

(3-1)

Measured echo response bressure,amp]itudé.
Transmitted pressure pulse amplitude.

Reflection coefficient (=1.0 if beam péth does not include
reflection from a wail).

Attenuation coefficient.

Nominal distance between source (transducer) and reflection
(crack). '

Area of acoustic source.

Area of reflection.
Acoustic wave length.

Transmisivity coefficient between water and steel.

Equation (3-1) was derived from Kirchhoff diffraction theory considerations. -
This theoretical model assumes that the defect is planar lying in a plane
perpendicular to the ultrasonic beam and that the beam is larger in diameter
than the defect. Under these circumstances the energy reflected from the
defect will return to the transducer and will be proportional to the defect
size., Figure 3-1 demonstrates this condition. The model includes terms for:
the transmission of ultrasound across a boundary, reflection at a surface,
attenuation over a path length and response from a reflector based on source
and reflector size and beam spread. Values for the terms in this model.can bhe
found in the literature [Krautkramer].

The general geometric configurations of interest for tension leg platform
design are shown in Figures 3-2 and 3-3., Figure 3-2 shows the threaded
connector and Figure 3-3 the welded connector. The growth of fatigue cracks
at roots of threads or in the weld zone will not form the simple geometry of
Figure 3-1, Instead, the crack and edge of the part will form a type of
corner reflector. It might be expected that the corner trap could be modeled..
as a planar crack of equivalent size to the shadowing effect of the beam as
shown in Figure 3-4. 1In cases where the beam angle is not 45° and/or the

10 :
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fatigue crack is not perpendicular to the surface the reflectivity of the
corner is altered from that predicted by strict geometric raytracing
consideration. A beam will nevertheless be returned to the transmitting
transducer. The actual inspection of the tension leg connector therefore
differs from the theoretical model in terms of the ultrasonic beam and
orientation to the defect.

For actual inspections, transverse waves are preferred. Studies show that
longitudinal waves tend to have a lower response from surface breaking cracks
than transverse waves [Kapranos]. Also, when longitudinal waves are used in
angle beam techniques, transverse waves will also be present which can
generate confusing echo responses. In complex geometries, such as connectors,
it is preferred to use beam angles of transverse waves such that the
longitudinal waves are not present in the initially injected beam. This
minimizes the number of confusing signals from multiple modes of ultrasound.
Note, both longitudinal and transverse waves can be generated at reflection
and refraction interfaces with relative magnitudes dependent upon the incident
beam mode and signal. Transverse waves are also preferred because the
wavelength is smaller than the longitudinal waves which is important in the
detection of small defects,

The mode} of equation (3-1) is not the only model that could be considered. A

more complex model that represents the components realistically can be
developed as

pIpg = Cpy(8,0) € p(6,0) R,Z (8)e "2 f Z%ig)e HetBDos () 05 (3-2)

where
p is the measured response
Po . is the amplitude at the first interface.

C1o(¢,8) 1is the transmission across a boundary at incident angle ¢ in
129 : > . A
.~ medium 1 and exit angle 6 in medium 2,

C21(0,¢) is the transmission across a boundary at incident angle 9, in
medium 2 and exit angle ¢ in medium 1,

R21(e) is reflection at an interface of medium 2 and medium 1 with
angle 6. '

] is the attenuation coefficient.

d is the path length to the reflector.

A is the wavelength.

R(B) ‘ is the reflection coefficient from the reflector as a

function of angle 8.

B is the angle between the beam and the reflector.
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is 2nf where f is frequency.
is 2mA,

is the surface of the reflector.

\

This model involves parameters that are more. accurate than equation (3-1)
[Haines]. However, not all the parameters are well understood or readily
available. In particular, the parameter R(B) must be obtained for every
defect type of interest. Other models are under development and measurements
are being made of their parameters [Chapman, Coffey, Thompson]. In the future
much better predictions than the model of equation (3-1) will be developed.
Within the scope of the current program, however, the equation (3-1) model has
been used to gain insight into the ultrasonic inspection problem.

The amplitude response from defects, calculated from this theoretical model is
useful for predicting conditions which will allow ultrasonic inspections.
Other factors which influence inspectability are also important. These
include the effects of material selection and coatings on the material and the
presence dbf marine growth and marine growth removal methods. These factors
will influence the predicted response from the model. The model predicts the
amplitude response as a function of defect size. Defect sizing accuracy is an
important element in inspectability. The amplitude response from defects has
traditionally been used for crack size estimation in most ultrasonic
inspection efforts. It is likewise well recognized that considerable
deviations from expected response as a function of size in standards versus

real defects exist. Factors such as defect type, shape orientation and
surface condition in addition to size will influence the amplitude response
[Rogerson]. ‘

The Phase 11 effort involved experimental tests of ultrasonic response from
defects to correlate to the model. Although the experimental plan tested the
response from geometries of interest it did not experimentally verify every
parameter. Terms such as Cy and R were used as givens from theory, since they
are of relatively small overall consequence. Table 3-1 lists values of Gy
(transmission of ultrasound across a boundary) for beam angles utilized in the
study and Table 3-2 shows values for the reflection  (R) at an interface. Both
tables are taken from the literature [Krautkramer]. Attenuation and response
from a reflector are evaluated empirically in the tests. Variations from
expected trends must be explained in terms of the specific test conditions and
the limitations of the theory.

12
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Incident Angle

TABLE 3-1

COEFFICIENT FOR ECHO TRANSMISSION

FOR A WATER/STEEL INTERFACE

Refracted Angle

13
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Coefficient C;

.17
.16
.15
14
.13




TABLE 3-2

REFLECTION COEFFICIENT FOR STEEL/WATER
INTERFACE OF TRANSVERSE WAVES

Incident Angle
(degrees)

14
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4.0 BASIC TEST PROGRAM

A basic test program was developed to investigate parameters that influence
inspectability in both threaded and welded tension leg connector geometries.
Tasks 1-8 of the Table 2-1 task titles were considered basic tests. The Task
16 additional tests are also part of the basic test program,

The verification of the ultrasonic theoretical model was performed for
representative parts of the threaded connector geometry in Task 3. The
threads were not included in the Task 3 measurements because there are no
factors in the model of Equation (1) to account for threads. Rather, notches
of selected sizes at selected locations on the tapered surface were used.
Later, Task 5 tests were run on threaded samples to establish how threads
affected measurements. Marine growth effects were studied for their effects
on the acoustic response in Task 7. Welded samples were also tested for
defect detection in the geometries of interest as part of Task 3. Finally,
fatigue cracks were generated in samples to compare with notch responses in
Task 8.

4.1 Experimehtal Technique |

The experimental technique for the Phase IIA 'Basic Tests' uses conventional
ultrasonic equipment. Measurements of ultrasonic response were taken in an
immersion tank with a manual, vernier driven scanner. Figure 4.1-1
illustrates the setup used. The pulser/receiver system consists of a Metrotek
215 pulser and 101A receiver. These modules have fairly standard performance
for the industry and are used in many modular component systems. The pulser
applies a high voltage spike to the transducer. The transducers are common
piezoelectric crystal materials. The primary set selected for the study is
made of lightly damped lead zirctitanate (PZT). This transducer gives a
relatively high response with a moderate bandwidth. Transducers of lead
metaniobate, highly damped are also available. These transducers have a broad
bandwidth and less noise than the PZT, but have a weaker response. The _
transducer crystals are cut to have a resonance at a specified frequency; 1
MHz, 2.25 MHz, and 5 MHz primarily. Used with the MP 215 pulser, however, the
ultrasonic beam generated will actually be composed of a frequency spectrum
about the center frequency. This 'real world' behavior of the
transducer/pulser performance differs from the theoretical approach of the
model where the calculations are based on specific frequencies values. The
measurements are intentionally made using the 'real world' performance .
characteristics rather than developing specialized ultrasonic systems for
theoretical verification measurements. This approach has greater meaning for
future implementation of the technique in spite of reduced accuracy from the
model representation.

4.2 Transducers

A number of transducers were available for experimentation. Table 4,2-1
lists the transducers. Appendix A includes transducer specifications. Not

15
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TABLE 4.,2-1

TRANSDUCERS

Frequency ‘Diameter Type Manufacturer
(MHz) (Inch) : ,

172 Sigma
1/2 Sigma
1/2 Sigma
3/4 Sigma
3/4 Sigma
3/4 ~ Sigma
1/2 Ultran
1/2 Utran
1/2 Ultran
1/2 Ultran
172~ Ultran

.
N
(4]

.
N
(&3]

— .
NooNO—NO= N>

1
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all transducers were used in the experiments because to do so would require
excessive testing time. The principal transducers were tested for the
spectral characteristics. Appendix A shows the results of the measurements.
The data was taken on the spectral content of a longitudinal beam in water and
a longitudinal beam that had travelled a large distance (approximately 150 ms)
in steel., Also a measurement was made from the echo of a shear beam in

steel. The measurements were obtained by digitizing an echo waveform and
Fourier transforming to produce the spectra. In many materials the
attenuation of the acoustic beam is a function of the frequency. It is
expected that over long path lengths, higher frequency contents of the beam
will be more attenuated than the lower frequency and the spectral content will
be reduced. The spectral tests in 4340 steel did not show significant changes
in the spectral contents of the beams. If anything, the measurement shows a
sharpening of the beam at 5 MHz for the longitudinal beam over the long steel
path length, This indicates that the attenuation is low.

4.3 Attenuation Measurements

The attenuation of ultrasound in a material is composed of absorption
and scattering terms. In Phase I, theoretical modeling of these terms were
used to establish attenuation coefficients for calculations. The model was
based on an assumed attenuation value at one frequency and extrapolating to
other frequencies using the theoretical formula and constants for transverse
wave scattering [Papadakis]. The attenuation coefficient is estimated as:
3 : _ v
o = 3%— f4s for A > 2nd

df2 T for A < 2nd

the wave length
the average grain diameter
f frequency

and S and I are material parameters. These equations indicate that
attenuation is expected to increase with grain size and frequency.

In Phase IIA test samples of the materials were obtained and measurements made
to determine values for the attenuation coefficient as a function of the
frequency of the test. The measurement technique assumes the return echo from
a transverse wave propagated through an isotropic media will be reduced in
intensity due to attenuation and beam spread (diffraction). Figure 4.3-1
shows a test object for measurement studies.. Two methods of measurement were
used. One method sent the UT beam in on the slanting face and reflected off
the back walls over short or long paths. Another method sent the beam in on

18
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the side and reflected off the slanted face. Using a standard diffraction
spread that is inversely proportional to distance, the measurements result in
no scattering attenuation. This result could be expected if the measurements
are performed in test samples of limited size. In this case, the diffracted
beam interacts with the side walls of the part and contributes to the measured
signal. For the measurement techniques tested with the parts and instruments
available, the conclusion is that attenuation is very low.

Longitudinal waves are easier to work with experimentally for attenuation
measurements because the transducer is perpendicular to the part surface.
Although the part size may also affect the measurements due to sidewall
interaction, regimes of useful measurement are possible.

Table 4.3-1 contains a summary of the values obtained from longitudinal wave
measurements in samples. There is considerable scatter in the data.

Although fairly standard techniques for such measurements were applied
[Burkle, Szilard], such variations are not uncommon in these measurements. As
one author points out, few reliable absolute measurements of attenuation are
reported in the scientific literature [Green, 1984] due to problems which
include the coupling media affects which can contribute errors up to 20%,
anisotropy in the material under test and diffraction spread of the ultrasonic
beam. Also, attenuation measurements are usually performed in highly
attenuative material. That is not the case with the materials of this study.

In private communication [Green, 1986] it was also discussed that, depending
on grain structure, it is possible for the attenuation to be less at higher
frequencies, as indicated by the 5 MHz data in these studies, although general
theory predicts increased attenuation.

These attenuation values are useful in that they indicate the generally low
attenuation of the sample materials. The values from Table 4.3-1 are in fact
close to the values assumed in the Phase I study, except for the 5 MHz reduced
values. Table 4.3-1 also includes some values of attenuation for engineering
materials obtained from the literature [Papadakis]. The importance of the low
attenuation in the materials considered for tension leg platforms is that
longer beam paths may be used for inspection. Designing with highly
attenuative material could seriously limit the ultrasonic inspection path, 1In
weld zones, where grain sizes are altered, ultrasonic attenuation could be
affected. Measurements were made on a Conoco weld sample (20 mm thick) to
test for heat affected zone attenuation. However, in this relaitvely thin
sample the attenuation difference between zones around the weld and base
material could not be qualified. If larger welds are proposed in a design,
the affect of heat treatment and grain size should be considered.

These values have therefore been used in calculations of expected response,
for comparison to measured response in the next section. No correction of the
Tongitudinal attenuation to equivalent transverse wave attenuation has been
made. Transverse wave attenuation is generally greater than longitudinal wave
due in part to increased scattering of the shorter wavelengths present.
Nevertheless, the effect of the attenuation value over the path lengths in the
material is a small effect on the response value. The beam- spreading is the
factor that contributes most to the loss of signal in the materials tested.

20
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TABLE 4,3-1

EXPERIMENTAL MEASUREMENT OF
THE ATTENUATION COEFFICIENT

Frequency " Attenuation Coefficient Standard
Material (MHz) (Np/mm) Deviation

2 1/4 Cr-Mo | .0012 .001
_ . ;0024 .001
.0013 , .0008

.0009
.0023 .001
.00092 -006

.00092

.0016 .0009
.0014 .001

21
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4.4 Acoustic Response Measurements

Acoustic response measurements from notches have been made on basic test
samples. The acoustic response is a measure of the return echo pressure
relative to the input wave pressure. The response measured in these sstudies
is the ratio of the return echo peak voltage to the peak echo voltage from the
front surface of the part. When a shear beam in the material is used, the
front surface reference beam must be taken as a normal beam measurement with
the same water path distance to the front surface as applied for the shear
beam measurement. Prior to testing it was estimated that echo response
sensitivities of 0.001 would be detectable. This parameter was used in
determining minimum defect sizes to be included in test samples of various
path lengths. The response value expected can be estimated by Equation (3-1)
for simple geometries. :

Measurements were made on specimens 4, 5, and 6 (Table 2.2-1). Figure 4.4-1
shows the configuration for specimens 4 and 5. Specimen 4 was bare while
specimen 5 had an epoxy coating. The material is 2 1/4 Cr-Mo in both
specimens. Figure 4.4-2 is the configuration for specimen 6 and the material
is also 2 1/4 Cr-Mo. The Figure 4.4-1 and 4.4-2 test specimen configuration
can represent either box or pin portions of a connector. If the location of
the transducer is inside the tension leg the inspection of the threads will
involve a bounce path for the box inspection. Figure 4.4-3 shows the assumed
ray paths of the beams and Table 4.4-1 lists the general inspection conditions
for the response measurements on the two test samples. The pin inspection
(assuming an inside location of the transducer) is much simpler because the
beam enters the flat surface of connector geometry and has relatively short
path lengths to the threads. Angle beams of 45° and 60° were tested in this
configuration. For inspections with the transducer on the outside of the
tension leg the box and pin geometries are the reverse of those discussed
above. The difference on outside and inside inspection with respect to
geometry is the curvature of the connector. These tests did not consider
curvature. In small diameter legs this would create an additional parameter
to be considered by the analysis. '

The results of the acoustic response measurements are described in Appendix
B. The following conclusions were drawn from these measurements.

° .

Response sensitivities in the range of 0.0001 are possible.

Trends of response follow predicted model.

-]

Sizing of notches based on response using the model is not accurate.

Figures 4.4-4 and 4.,4-5 are two representative figures of the acoustic
response measurements. The calculated response shows a higher slope than the
measured. The measured response shows a leveling off of response with notch
size. This effect will appear again in the fatigue crack measurements as
well. The conclusion is that the model can be used for order of magnitude
estimates of response but not for accurate prediction of notch sizes., The
predicted 0.001 sensitivity proved to be conservative. A1l notches in the
test samples were detected. In general, the model is conservative for
predicting the minimum notch size, i.e. notches showed a greater response at
small sizes than the model predicted. This is helpful, because as later data

22
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Figure A4,4,-'3; Ray paths used fot box configuration inspection of a) specimens
4 and 5, Figure 5, sk00l, and b) specimen 6, Figure 6, sk00S.
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Specimen Defect Set

TABLE 4.4-1

BEAM CONF IGURATION

Transducer Angle

(degrees)

Shear Beam
Angle (degrees)

4 and 5

19.4
29.4
24

26.9

19.4
24

26.1
27.2

27
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45
45
60
75

45
60
70
75

Path Distance
In Part (mm)

171
162
201
312

83
112
153
227




will show (Section 4.10), fatigue cracks have a lower response than EDM
notches. By increasing the echo response sensitivity factor for
detectability, this can be accounted for. A sensitivity of 0.00-2 is proposed
as a possible value for minimlum fatigue crack detection. The model of
equation (3.1) can therefore be used in design studies to estimate minimum
detectability provided the assumptions of path lengths for far field
inspection are correctly applied (see Appendix B). If the minimum defect size
predicted by the model is greater than critical size requirements then a more
detailed analysis and testing approach would be needed to assure that
detectability could be achieved.

4.5 Coating Effect

The effect of coating on the acoustic measurements was tested by the
fabrication of specimen 5 with an epoxy coating. The coating was SkotchKote
206N following specifications of the National Association of Pipe Coating
Applicators (NAPCO), Bulletin 12-78. The results of Figures 4.4-4 and 4.4-5
show the response when the beam has used the bounce path of Figure 4.4-3 on
the uncoated Specimen 4 and epoxy coated Specimen 5 surface. Figure 4.4-5
shows a significant loss due to the coating while 4,4-4 shows little change.
Tabulating all measurements, the response shows approximately a 20% loss of
signal, Measurement from the pin side configuration where the beam passes
through the coating with no bounce path also show the general trend of a
reduced signal of 20%.

Measurements were also made at four locations on the coated surface to
investigate the coating to metal -interface. The following time separations
between the front of the coating and the coating/metal interface were found:
220, 340, 480, and 500 ns. If the acoustic velocity in the epoxy coating is
known, the thickness can be calculated. The locations were selected to cover
the range of thickness found on the sample.

4.6 Thread Effect

Threads were added to the specimens 4 and 5 (SKOO1 design) and specimen 6
(SKOO6 design) to test the effect of threads on the acoustic response.
Appendix C contains details of the part changes for the thread effects

study. The addition of threads into the geometry of Figure 4.4-3 complicates
the return echo signal significantly. The echoes from the notches in the
threaded geometry can become buried in the periodic spacing of thread

echoes. The pattern is a function of the ultrasonic beam angle and the thread
- pattern design. This results in some important implications for the design of
threaded connectors to allow for inspectability.

Tests were performed using the box geometry of Figure 4.4-3 with beam angles
between 45° and 60°. Figure 4.6-1 shows a plot of the echo response intensity
from the threads as a function of angle for specimen 4A. With this thread
shape (EPR modified buttress) there is a strong response from the threads
around 45 beam angle in the steel which decreases with increasing angle. :
Above 53 , the signal from the threads is significantly weaker. Figure 4.6-2
shows the response from notches in specimen 4A as a function of angle. In
this case, the notches show a better response around 53 " than at 45 . In the
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Echo Response

Response vs Notch Area for SKQQOT

5 MHz, notches AB,C,D,

T - T T = {
80 100 120 140

Flaw area in sq. mm
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Figure 4,4-5

30

ARCTEC OFFSHORE CORPORATION




Thread Echo vs Beam Angle

S MH=, 0.5 inch transducar

imen 4A, Thread #3

L Li T L)
49
Shear Wove Angla (degraes)

Figure 4.6-1
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Notch Response vs Beam Angle'

S5 MH=a, 0.5 inch tronsducaer/Spaciman 44

Shear Wove Angla (degrees)
4 mm & 2 mm

Figure 4.6-2
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ultrasonic waveform, the timing of the thread and notch signal are a function
of the beam angle. Figure 4.6-3 shows the presence of the thread signals with
and without a notch at 45° and 53° beam angles. Notice that if conventional
ultrasonic gating and amplitude detection is used, the flaw would need to have
a response greater than the 2 mm deep notch to be detected above the thread
signal in the 53° case and at 45° a 6 mm notch is far too weak relative to the
thread. At 60° beam angle the threads are not detectable and so flaw imaging
is relatively easy, however the signal strength is not great and background
noise can inhibit small defect detection threshold level. '

In the specimen 6A geometry case, the threads are smaller than the specimen
4A, such that the ultrasonic beam covers a large number of threads. The
thread shape affects the angle at which maximum ultrasonic response is found
as shown in figure 4.6-4. These threads in fact look like notches, Figure
4.6-5 shows the threads with and without a notch present. The presence of a
notch is not readily detected by its response as shown in this figure because-
the pattern is only changed slightly. The notch appears at the same time as
the thread, however, it shadows succeeding threads. The size of the notch can
be predicted from the number of threads shadowed. Figure 4.6-6 is an RF
B-scan image showing thread shadowing. Each line of the B scan is a grayscale
display of the ultrasonic RF waveform. The 3 mm deep notch casts a
significant shadow on a succeeding thread. The 2 mm notch has less effect and
the .1 mm notch little or no effect. This technique does not rely on echo ‘
response from the defect, it relies on the defect preventing ultrasonic
signals from passing through it so that features behind the defect are no
longer observed. The comparison of notch and crack in this case should be
closer than in the reflection amplitude case. The accuracy of the sizing
depends on the thread design.

The thread effects study has shown some truly interesting characteristics in
terms of inspectability. Thread design plays a key role in the ultrasonic
response. At certain angles and thread designs the thread echo can completely
mask the defects making inspection impossible. Other thread designs can be
used to enhance the relative response for reference or optimize for shadow
imaging of defects. It would appear .that these smaller thread sizes are
advantageous for aiding inspection, .

4,7 Marine Growth Effect

The effect of marine growth on the inspectability was tested by biofouling two
test sampies. Appendix D discusses the samples and testing. ‘

The samples (labelled A and B) were made of 4340 steel with aluminum flame
spray coating on the outside surface. The other surfaces were coated with
epoxy to protect them from biofouling. After one year in the Pacific Ocean,
they were brought in for testing. The testing involved comparing ultrasonic
signal response as a function of cleaning to determine the effect on
inspectability. Table 4.7-1 lists the cleaning and the general improvement in
straight beam ultrasonic reflection from the cleaned surface. Water jet
cleaning (at 5000 psi or greater) or plastic scraping with bristle brushing
are good techniques. With plastic scraping it is relatively easy to knock off
barnacles, although their residual glue remains on the surface. Following the
plastic scraping with a bristle brush is important in order to remove fine
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Figure 4.6-6. RF-B-scan of specimen 6A showing thread shadowing by 3 mm
and 2 mm deep EDM notches. Image obtained with a 53°,
5 MHz shear wave.




TABLE 4,7-1"

EFFECT OF CLEANING ON UT RESPONSE

Cleaning

- Specimen A

Water Jet
(5000 psi)

Specimen B

Plastic Scraper
Bristle Brush
Wire Brush

A]

UT Signal Improvement
2.25
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growth material. Further cleaning such as sandblasting or wire brushing does
not improve response, but rather damages the surface. The flame spray coating
was not noticeably damaged by the water jetting or plastic scraping with
bristle brushing.

Barnacles, or their residual, cause a significant change in UT amplitude.
Inspection over barnacle regions is therefore unreliable if based on UT
amplitude. Based on the biofouled specimens, the barnacle residual could
result in a 2% loss of inspectable area. When the inspection is performed from
a clean inside surface, the biofouling does not appear to influence the
response. For most inspections, the use of angle beams is important. The
bouncing of angle beams on a biofouled surface is not dependent on biofouling,
however there is some evidence that suggest a slight loss of signal if the
bounce is at a barnacle location. ‘

Overall, suitable cleaning can be obtained for UT inspection from the growth
side. Inspection from the inside does not require external cleaning.

4.8 Imaging

The evaluation of defects by peak ultrasonic amplitude measurement is useful,
but can be enhanced by imaging. In the imaging application, the peak
amplitude value is plotted as a function of position. This provides the
evaluator with a better means of interpretation.

Figure 4.8-1 is an image of the six EDM notches in SK0O1 (figure 4.4-1). A
60°, 5MHz beam was used. Notch depths are: E - 6 mm, F - 2 mm, G - 4 mm, H -
5mm, I - 4mm, and J -~ 5 mm. Figure 4.8-2 shows plots of the image area, 6dB
drop and peak response vs notch depth for the two sets of notches. Each notch
set is plotted spearately because the acoustic path length are difference due
to the part geometry. '

The area imaging results show better correlation to size in the H,I,J, case
than the peak response. The 6 dB drop is a method used in defect sizing
[Jessop]. The distance between the 6dB drop point from the peak signal is
taken in each direction along the defect. The data can be obtained from the
image and is plotted on the Figure 4.8-2 graphs on an arbitrary scale. The
plot for E, F, G show very poor correlation to depth. The dB drop method
often uses a 20dB point instead of six, however, in this data the results are
not any more favorable. The area of the imaged defect does appear to be °
useful for interpretation. This of course, is particularly true for notches
with known aspect ratios. Fatigue cracks will also possess an aspect ratio
that falls within some prescribed bounds for the known geometry and stress.
Imaging is therefore useful to assess not only the extent of the crack, but
also estimate the depth. With threads present, however, the gate levels for
imaging are restricted by the complicated thread pattern and so the nice image
of 4.8-1 is not obtained. In the welded case, as will be shown in section
4.9, this is easier to perform, Images with threads and fatigue cracks are
also shown in Section 4.10, Because of the thread problem, the B-scan imaging
approach shown in Figure 4.6-6 is useful. Each line in the image is an entire
waveform, Many B-scan images must be viewed to make up the area of a typical
C-scan. This makes the inspection process much more data intensive.
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Figure 4.8-1.

60 degree shearwave C-scan of specimen #5 from the uncoated
side. : - ’ o
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Figure 4.8-2a. Notches E,F,G Values.
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Figure 4.8-2b. Notches H,I,J Image Values.
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4.9 Weld Samp]es-

In addition to the threaded connectors, samples of welded specimens were
provided by Chevron and Conoco as discussed in Appendix E. The Chevron sample
was one inch thick flat plate HY-80 welded to WT70 material, and the weld was
ground smooth. The Conoco material was rolled and welded 1ine pipe 20 mm
thick. Two samples were coated with epoxy and one was bare. The welds were
in the as welded condition with both crown and drop through. The crown was
approximately 25 mm wide consisting of about three beads and was 3 mm high,
The drop through was approximately 8 mm wide with heights of between 0.9 to 3
mm, EDM notches were placed in the Chevron sample and the coated Conoco
sample with notch depths of 5.1, 2.5, 1.3, 0.5, and 0.25 mm all with lengths
of 50 mm.

Measurement of the longitudinal beam attenuation in the weld material of the
small weld coupons indicated only slightly higher attenuation from the base
material. In general, both the Chevron and Conoco samples were relatively
clean acoustically. Because the samples are thin (20 to 25 mm), the
attenuation is not a concern for inspection.

Ultrasonic C-scan images were taken using the Sigma Research UT2000 ultrasonic
scanning 'system. A 5 MHz 0.5 inch diameter, six inch ground focal length
transducer was used. The scanning was performed using a 1/2 V path as if
inspection was to be performed from the outside of the tendon. Figure 4.9-1
shows the C-scan image of the flat Chevron piece at both 45 and 60 degrees
with the scanning performed from the HY-80 and WT70 side. A1l notches are
clearly detected by the scanning technique (reproduction images seriously
degrades the intensity pattern in the images). The notch images appear
proportional to their respective sizes. These prepared welds yield good
sensitivity to small defects.

The Conoco specimen was scanned from the coated and uncoated sides simulating
outside or inside inspection respectively. The curvature of the specimen
prevented a single scan over the entire piece. Rather, small sections, where
notches were present, were individually scanned. Figure 4.9-2 shows a
sectioned layout for scanning. Figure 4.,9-4 shows the scan images for notches
A through E for the outside inspection using a 45 beam. A1l the notches are
detected. The smallest notch (E) is even seen through the weld. However, the
weld root is also imaged, and, in the case of an unknown inspection, the root
signal could provide a 'false call'. Table 4.9-1 lists the relative strengths
of the signals from the notches and the root for the outside inspection. The
root signals in the images are indicated to be on the order of a 1 mm deep
notch equivalent. Table 4,9-2 1ists the relative response from the notches,
root and crown from inside inspection measurements at 2.25 MHz and 5 MHz .

The notches have been shown to be inspectable by immersion, ultrasonic
C-scanning, however, the unprepared welds also generate signals that may be
misinterpreted as notch equivalent signals based on intensity. Imaging is
helpful in discerning the source of the imaged signal, however, fatigue cracks
will not necessarily have as distinct a geometry as notches. The signals from
the crown and root can generate responses in the range of 1 mm deep notches.
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Figure 4.9-2 Section Layout for Scanning of Conoco Test Sample from Outside
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Figure 4.9-4A.

C-scan images of notch A in Conoco test sample.
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Figure 4.9-4c.

C-scan image of notch C in Conoco test sample (section 2-4 scan).

CPNC452
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Figure 4.9-4d. C-scan images of notches D and E in Conoco test sample
(section 1-5 scan).

49
ARCTEC OFFSHORE CORPORATION




TABLE 4.9-1

NOTCH TO ROOT SIGNAL RATIOS
FROM QUTSIDE INSPECTION AT 5 MHz

Depth Ratio of Notch to Root

3
-2
Unmeasured due to saturated
signals
.95
.75
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TABLE 4.9-2

CONOCO TEST SAMPLE INSPECTION
“FROM INSIDE

Relative
Depth Angle , Notch Root. Crown

Notch (mm) (deg) Direction Signal Signal  Signal

A 5.1 45 5 MHz notch side 10.6 2.4 1.4

B 2.5 45 5 MHz notch side 9.2 0.32 1.9

C 1.3 45 5 MHz notch side 4 L 1.12 0.8

A 5.1 45 2.25 MHz notch side 14,94 2.66 1.00

B 2.5 45 2.25 MHz notch side . 7.00 2.40 5.40

C 1.3 45 2.25 MHz notch side 6.97 4.48 4,48

D 0.5 45 2.25 MHz notch side 1.10 1.90

A ' 5.1 45 2,25 MHz thru weld

B 2.5 45 2.25 MHz thru weld - 3,98 1.99 1.00

C 1.3 45 2,25 MHz thru weld 0.50 3.80 1.10

D 0.5 - 45  2.25 MHz thru weld

A 5.1 60 2.25 MHz notch side 2.66 - 0.50 0.90

B 2.5 60 2.25 MHz notch side 1.20 1.90

C 1.3 60 2.25 MHz notch side 0.53 0.86 1.99

0 0.5 60 2.25 MHz notch side - 1.70 0.60

A 5.1 60 2.25 MHz thru weld 3.10

B 2.5 60 2.25 MHz thru weld -

C 1.3 + 60 2.25 MHz thru weld 1.90 .- 1.20 0.50

D 0.5 60 2.2

5 MHz thru weld
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This creates the problem that a simple thresholding detection scan- inspection
routine will be limiting, If imaging is used in the inspection plan, then the
image pattern of a preservice test can be used to establish the baselilne
response. Echo image patterns from roots, crowns or other features would be
recorded in a data base. Subsequent inspections with imaging could thne
descriminate new defect signals with strengths below the feature signals as
differences to the data base pattern.

4,10 Fatigue Crack Calibration

The use of the ultrasonic amplitude response as the measure of defect sizing
is routinely applied, in industry by calibrating the response to artificial
notches or drilled holes. Figure 4.10-1 shows a plot comparing electro-
discharge machined (EDM) notches to bending fatigue cracks [Becker]. The
fatigue cracks generally show a lower response than the EDM notches. On
average, the difference is about 3-5 db, corresponding to amplitude difference
of 56-71 percent. It is well known that a number of factors influence how
fatigue cracks may alter the response [Jessop, Posakonyl. The primary factors
are orientation, size, transparency (crack opening/trans-mittance across
crack), and crack roughness. Table 4,10-1 shows some estimates for the
variability of fatigue crack sizing due to orientation, roughness and
transparency [Rogerson, Silk (1978)]. The total variation due to these
factors is estimated at just over 6 dB (50%).

This program has performed experimental investigation into the comparison of
peak amplitude response from EDM notches and fatigue cracks in test block
samples of 25 mm (1 inch) thickness. Figure 4,10-2 and 4.10-3 show sketches
of the four test samples. Test block sample #13 had five EDM notches inserted
from one side. The notches were nominally thumbnail in shape on a 3 to 1
aspect ratio (length to depth), however, the 6.0 and 7.2 mm notches had. some
flattening. Test blocks #14, #15, and #16 had fatigue cracks grown in them at
several locations shown in Figure 4.10-3 using a bending technique. Appendix
F discusses the generation of fatigue cracks.

The EOM notched block #13 and block #15 were placed in an ultrasonic scanning
tank with side A up and scanned using a 45°, 5 MHz shear wave ultrasonic C
scan inspection. Figure 4.10-4 shows the image and a flaw map. In this
configuration, the five EDM notches and fatigue crack 15-4 were imaged.
Additionally, indications of cracks were found on the edges of block #15 at
the cross positions of 15-1, 15-3, and 15-4, The edge cracks of 15-1 and 15-3
were visible to the eye as well as a visual crack across face B at the 15-1
position. As discussed in Appendix F, the fatigue cracking clamping technique
resulted in crack initiation at the plate edges in many cases on all test
fatigue crack test blocks. :

Measurement of fatigue crack amplitude response was therefore made by hand
positioning of the ultrasonic beam using 45° and 60° shear. Six cracks were
used in the evaluation (15-2,15-3,15-4,16-2,16-3, and 16-4) and the five
notches. In order to establish an .estimate of the true depth of the fatigue
cracks, the satellite pulse or tip diffraction method was used [Gruber].

Table 4.10-2 shows the results of measurements for both the notches and
cracks. Actual crack depth determined from breaking the test samples (see
Appendix F) is also given. Satellite pulse measurements were made with both 5
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Figure 4.10-1. Ultrasonic response of vertical EDM slits and bending fatigue
cracks, 0.5-V path, 45° beam. [Becker]
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TABLE 4.10-1

Variation of Ultrasonic
Amplitude Response from Fatigue Cracks [Rogerson]

Orientation
Roughness
Transparency

Combined Total 6.1 d8 (50% Response) .
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«,Thumnail notch 3.94 mm deep x 12 mm long

\ Thumnail notch 2.0 mm deep X 6 mm long -
Thumnail notch 0.97 mm deep x 3 mm long

/Notch 5.97 mm deep x 18 mm long

/ Notch 7.19 mm deep x 24 mm long

B

Figure 4.10-2. Steel test block #13. 25 mm thick with EDM notches.
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TABLE 4.10-2 (A)

TIP/ROOT SEPARATION
MEASUREMENTS FOR NOTCHES

10MHz 10MHz 5 MHz 5 MHz Average

Notch 45 deg 45 deg 45 deg 45 deg Depth

dir 1 dir 2 dir 1 dir 2

(1 sec) (usec) (u sec) (u sec) (u sec) (mm)
mm 0.2 0.4 0.4 0.4 0.35 1.0
mm 0.7 0.8 0.7 0.8 0.75 2.0
mm 1.6 1.5 1.6 1.5 1.55 3.9
mm 2.4 2.2 2.2 2.2 2.25 6.0
mm 2.8 3.0 2.8 3.0 2.90 7.2

57 .
ARCTEC OFFSHORE CORPORATION




10MHz
45 deg
dir 1

TABLE 4.10-2(B)

TIP/ROOT SEPARATION
MEASUREMENTS FOR FATIGUE CRACKS

10MHz 5 MHz 5 MHz Estimated

45 deg 45 deg 45 deg Average Depth
dir 2 dir 1 dir 2 '

Actual
Depth

(1 sec)

(wsec) (msec) (msec) (m sec) (mm)
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Edge Cracking

7.2 mm deep

6.0 mm deep

Figure 4.10-4. a)C-scan image of test blocks #13 and #15, b) Flaw map drawihg.
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and 10 MHz transducers of 1/2 inch and 3/4 inch diameter at 45°, and from each
- side of the notch or crack. In some cases, such as cracks 15-3 and 16-4, the
direction indicated different sizing of the crack based on the tip diffraction
method. The actual measured depth for the notches can be plotted against the
tip/root separation (Figure 4.10-5) and this graph is used to determine the
depth of the cracks.

Measurement of the amplitude response from the notches and cracks were made
using 2.25 and 5 MHz transducers at 45° and 60° from each direction and using
1/2 V and 3/2 V bounce paths. Data was not obtained for all cracks and
notches at all settings due to configuration limitations. Some measurements
were also made with 1 MHz transducers. Figure 4.10-6 and 4.10-7 are
representative of the results for 5 and 2.25 MHz at 45 . Figure 4.10-8 is
2.25 MHz at 60 . The legend indicates if the response is due to the EDM
notches from direction (1) or (2) or fatigue cracks from direction (1) or
(2). The fatigue cracks tend to have a lower response than the notches. In
many cases the amplitude response is significantly lower. The average
response from cracks for all data is 52% of the response from cracks.. At 5
MHz the crack average response was 53% with a standard deviation of 16%.
Figure 4.10-9 is a c-scan image of fatigue crack 16-3. An image of a 1 mm
notch is also shown for comparison. Each scan is 4 cm x 4 cm using a 5 MHz
transducer at 45°, ' '

Appendix F contains the results of the fatigue crack study. The fatigue
cracks were broken open and measured. The plots in Appendix F use the
physical measured sizes rather than the crack tip diffraction estimated size
of Table 4.10-2. The difference is significant indicating a need for qreater
conservation in fatigue crack sizing interpretation. o

The specimen 5A test sample was fatigue loaded and a crack grown., Figure
4.10-10 shows C-scan images at 5 MHz, 60 of the EDM notches in specimen 4A
and the crack in specimen 5A. Figure 4.10-11 is a plot of the amplitude °
response from the C-scan image of the notches vs depth., The maximum amplitude
from the crack is indicated on the figure resulting in an equivalent size of
1.7 mm deep. The size of the crack in the image indicates that is in nearly
10 cm across the part.

‘The specimen 5AA sample was also scanned. The image of Figure 4.10-12 shows
both the 5AA sample and a portion of the 4A specimen containing the 1 mm
notch. A 53 , 5 MHz beam was used. The thread pattern is detected in this
image. The response values are shown in parenthesis. These results indicate
that the center crack is less than 1 mm deep and only about 1 c¢m long whereas
the edge cracks are greater than 1 mm deep. Time base measurements of the
center crack in Appendix F indicates a depth of 3 mm, while the center crack
measured only 1.2 mm after breaking.
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Notéh Depth vs Tip/Root Separation
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Figure 4.10-5. Plot of notch depth vs average tip/root signal separation
_ for EDM notches in test block #13.
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Amplitude vs Depth
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Figure 4.10-6

Plot 10
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Amplitude vs Depth

2.25 MHz, 45 deg., 3/4" trons., 1 /2 V

Relotive Amplitude

Figure 4.10-7
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Relotive Amplitude

Amplitude vs Depth

225 MHz, €0 deg., 1/2" trans., 1 /2 V
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Figure 4.10-8
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4.10-9a

Figure 4.10-9.

C-scan images of a)

4.10-9b

1.2.4 and 6 mm notches in sbecimen 4A

b) Fatigue crack in specimen 5A.
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Figure 4.10-10.

Notch depth (mm)

Plot of peak amplitude in image vs notch depth for specimen
4A from figure 4.10-9a. The fatigue crack peak amplitude
response from figure 4.10-9b is indicated.
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Edge Crack (82)

N

—

1 mm
Notch
(79)

Center
Fatigue
Crack (39)

v Figure 4.10-11. C-scan of specimen 5AA fatigue cracks and specimen 4A, lmm
- notch using a 5 MHz 53° beam.
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5.0  CONNECTOR TESTS

In order to test mockup connectors, an equipment configuration was assembled
that would allow RF B-scan imaging. Figure 5-1 shows a block diagram of the
equipment. The scannner is controlled by the UT 2000 ultrasonic inspection
system. The scanner also provides a trigger signal for waveform
digitization. The LeCroy digitizer is located in a CAMAC crate. The
digitized waveform is sent to a PDP 11/44 computer and stored on disk. Sets
of waveforms to create the B-scan image are viewed through a RAMTEK image
processing system. '

Figure 5-2 shows how the RF-B-scan displays a waveform. Figure 5-3 shows this
process for a scan over EDM notches in the #13 test block used in the fatigue
crack study. There is no apparent reason for B-scan to be particularly
effective in the flat plate inspection. However, as was shown in Figure
4.6-6, which was obtained with this system, the inspection of threaded
specimens is aided by the scan imaging.

~ Connector' tests were originally planned. However, that work was deleted from
the program. Reasons for deleting these tests included:

~°  More emphasis was placed on fatigue crack inspection,
° The sensitivity of inspection results to thread form suggested that

these tests may not yield representative results, and in any event
would not affect the conclusions of this study.
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canner UT 2000

Controller

trahsduce: Mz}or/sncoder

Erigger signal

MP 215 .
Pulser : '  Oscilloscope

MR 101
Receiver

" ; ) . CAMAC

MG 701 Cra

Gate LeCroy
z}r

Digiti

PDP 11/44 Disk
Drives

Ramtek
Display

Figure 5-1. Block diagram of FR-B-scan imaging system.
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RF B-scan of a single RF wave form
repeated approximately 250 times

RF B-scan of the RF signal at right

"Top" View

Y [

In an RF B-scan, the more positive the signal becomes,
the brighter the Tine is while the more negative the
signal, the darker the line becomes.

"Side" View

Typical RF Wave Form on a Scope

"Side" View

. The positive cycles are numbered

Figure 5-2. RF-13 scan display of a waveform.
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. 53.3° Y2 5.0 Mhz
Lateral distance = 3.6"
File Name = FC 12A
Raw data

20.5 s time window
window start time (WST) = 47.8 s

RF wave form notch 2 (6mm deep)

1 6mm
O—- 18m

recitified B-scan

Figure 5-3.. B-scan of notches in #13 test sample.
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6.0 DEFECT SIZING CONSIDERATIONS

The inspectability of tension leg platform tendon program has resulted in
measurements of echo response for a variety of conditions. Generally, the
responses have behaved in accordance with expected principles. However, the
reliability of the peak amplitude response as an indicator of true depth has
not been shown to be particularly accurate. The comparison of fatigue cracks
to EDM notches showed that on average the true cracks will return less than
half the echo response amplitude of that from a 3 to 1 length to depth ratio
notch of equivalent depth. The sensitivity of an ultrasonic inspection system
must therefore be such that it will detect notches of at least one half (and
in this study approximately one third) the depth of the fatigue crack size
that is considered critical at the time of inspection. This critical size
would be determined by the fatigue crack growth curve and the inspection
interval such that the crack could not grow to failure between inspections.
Sufficient sensitivity will be dependent upon the ultrasonic system and the
part geometry. : :

The most ‘common detection method for defects is to perform an ultrasonic scan
over a part and look for signals above a threshold level. In objects with
clean geometric features, such a technique is entirely appropriate as was
shown on the Chevron weld sample. However, in complicated geometries, such as
the Conoco weld sample containing root and crown, the ultrasonic return may be
large due to the geometric features rather than the defect. In the case of
the threaded coupling, the defect may appear behind threads of equal or
greater ultrasonic echo strength, Detection in these nine complicated cases
often requires comparison to baseline image pattern to observe the difference
due to the presence of fatigue cracks.

Once detection has been obtained for a defect, sizing becomes the key

issued. Normally, it would be assumed that the detection method could assign
a size value to the defect. This is true in the amplitude response
measurement however, the accuracy is highly questionable. For cracks in the 1
to 2 mm depth range the amplitude response was pretty good provided the crack
orientation was correct. But, as the defect size increases, in the range of 6
to 8 mm deep notches, it was found that the amplitude sizing was not
necessarily increasing. The result of these observations for inspection
proposes is that the ultrasonic system may well require two modes: a
detection technique and sizing technique which may rely on different
methodologies. :

During this study, it was shown that imaging can play an important role in the
detection of defects. In the welded connector case, the image pattern could
be used to separate the defects from the crown and root reflection based on

‘the image pattern position. 1In the case of the threaded connector, the B-scan

image allowed the detection of notches, although the peak signal strength was
not appreciably higher than the thread signals. Imaging could also be used to
apply some conventional depth sizing methods such as the dB drop and of course
imaging provided lateral dimensional capability. However, the amplitude and
dB drop sizing were not shown to be particularly accurate. -
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The tip diffraction [Gruber, 84 & Hayman, 85] timing method was used in the
fatigue crack studies to establish depth values for notches. This method has
been shown to offer good accuracy relative to amplitude measurement, however,
they can be difficult to apply. The accuracy found in this study was not
particularly good, although it was significantly better than amplitude
comparison. In the threaded geometry, timing methods would be very

difficult. Thread shadowing would be far superior if optimized by design. In
the weld geometry timing would be advantageous, however, in unprepared welds
-the echo noise can mask the timing method because small diffraction signals
must be measured. Section 7 discusses these methods.

In general, if the design can allow for conservatism in detection, then
amplitude ultrasonics should be an acceptable methodology. Where the geometry
of the object can be assigned to provide clean, interpretable ultrasonic
signals from critical inspection regions then the inspection confidence is
enhanced. This is true when the stress is understood so that the fatigue
crack geometry can be accurately predicted. Imaging of the defects using
amplitude and scan approaches can then provide fairly good accuracy for
sizing. More sophisticated imaging approaches applied to sizing are discussed
in Section 7. In cases where the inspection criteria is not considered,
geometric and material problems can seriously hinder suitable sizing.

L
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7.0 ULTRASONIC METHODS FOR SIZING DEFECTS

7.1 Qverview of Sizing Methods

Accurate sizing of defects in thin walled material (less than two inches wall
thickness) remains more of an art than a science at this time. A high degree.
of operator skill and training is required, particularly in the case of IGSCC

- (interganular stress corrosion cracking). Rigorous training courses produce
students of whom only 30 to 40 percent pass a detection and sizing test the
first time on actual IGSCC samples. Fatigue cracks, on the other hand, result
in a better defined, planar type of flaw which is somewhat easier to
characterize.

. A major consideration in thin walied material is the fact that many flaws are
of the surface breaking type, and form a strong corner trap reflector at the
point where the surface is broached. Special techniques are required to
distinguish the crack tip echo from the much stronger corner trap echo.

There are'three basic sizing methods which will be described in th1s
section., These are: amplitude, timing, and imaging.

7.2 Amplitude-based Sizing Methods

Amplitude sizing methods primarily employ angle beam shear waves but can also
utilize creeping waves or Lamb waves. A calibration curve of slot depth
versus amplitude is first constructed by scanning a specimen having a series
of machined notches. Amplitude measurements are then taken on the crack and
its depth predicted using the curve, The calibration procedure using a slot
as a reference is standard practice in the nuclear industry [ASME] and is
widely used as standard practice in non-nuclear industrial plants, The
curves, which were developed on notches, generally undersize cracks because a
crack reflects less energy than a notch of the same size. To.account for
undersizing, a compensation factor may be added to the depth predicted by the
ca11brat1on curve [Singh]. _ o

Crack dimensions which. appear to be greater than the beam width of the '
ultrasonic transducer are estimated using a dB drop techniques., The
transducer is scanned until endpoints are located for which the amplitude is 6
dB lower than that observed at the center of the indication. The position of
these endpoints is then taken as crack dimensions.

Amplitude methods are easy to apply but have several inherent drawbacks., The
reflected amplitude depends on several other factors in addition to crack
size, including crack tightness, crack orientation, crack shape and crack
roughness. Interference between waves, coupling, and surface finish can also
contribute error to the method.

An excellent summary of these error-inducing factors is reported by
[Birringl., His literature review found that interference effects increased
with frequency and, at 5 MHz, could result in an error of up to 0.38 mm (0.015
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inches) when sizing cracks in the range from 0.25 mm to 2.5mm (0.010 to 0.100
inches). For fatigue cracks under compressive forces, the reflectivities of
both crack face and crack tip can vary as much as 11 dB on the application of
a 13,000 psi compressive stress. A crack surface roughness of 500 micrometers
was shown to result in a decrease in signal amplitude of 20 dB over that of a
smooth surfaced crack. Finally, a flaw tilt angle of 16 degrees off normal
resulted in signal losses of up to 18 dB,

In spite of these 1imitétions, amplitude methods are still used extensively

for crack sizing, probably because of their relative ease of application., The
other two methods, timing and imaging, offer greater degrees of accuracy.

7.3 Timing Methods

Timing methods for sizing flaws rely on detection of signals diffracted from
the 'tips of crack. Two primary schemes have been reported. One is based on
pitch-catch transducers located on either side of the weld, and is primarily
used for heavy section welds wherein the crack does not break the surface
[Curtis]. The difference in arrival times of diffracted signals from the top
and bottom of a crack is detected, and can be correlated directly to
through-wall dimensions of the crack.

For thin walled materials, pulsed echo or pitch-catch testing is generally
performed from the same side of the weld. In the simplest case, an angled
shear wave is launced at a backwall crack as shown in Figure 7.3-1, producing
an echo from both the crack tip and from the corner trap formed where the flaw
breaks the surface. Crack depth can be caluculated using the time difference
between the two signals and the reflected angle of the waves. The crack depth
(d) is expressed as follows: o ‘

d = vt/2 cos R

where v is the shear velocity, t is the time difference between pulses, and R-
is the beam angle. '

" The -technique is quite accurate if the tip signal can be identified in the
presense of the much larger corner trap signal. A fair degree of operator
training and capability is required to succrssfully employ the test.

The above problem can be overcome to a large extent by using creeping waves
with separate transmit and receive transducers [Gruber, EPRI]. Creeping waves
are high angle longitudinal waves and are gneerally accompanied by shallow
angle shear waves. Under many conditions they provide more equal amplitudes
between the tip and corner trap signals.

An example of sizing with creeping wave diffraction methods is shown in Figure
7.3-2. A pair of transducers is used to permit capture of longitudinal wave
signals close in time to the transmit pulse. Broad angle, shear and
Tongitudinal waves are launced at approximately 30 + 10 and 70 + 15 degrees
respectively to insonify the entire wall. »
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Figure 7.3-1Crack sizing with tip diffraction me thods.
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Figure 7.3-2 Tip diffraction sizing with creeping waves.
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Two signals are reflected from the crack opening on the far side. These

are: 1) shear energy which is mode converted to longitudinal and propagates
to the crack opening as a bottom creeping wave, and 2) direct shear
insonification of the corner trap. These appear as Pulses 2 and 3 of Figure
7.3-2. A diffracted longitudinal wave from the crack tip (Pulse 1) appears
earlier in time. The separation between Pulse 1 and Pulse 2 is a relatively
constant function of crack height over a wide range of probe positions.

7.4 Imaging Methods

There are two key imaging methods applicable to flaw sizing, namely holography
and synthetic aperture focussing techniques (SAFT). They are able to attain a
spatial resolution on the order of 1/2 wavelength of the test frequency, and
can thus be used for quite accurate sizing in heavy section materials.

Holography [Hildebrand] uses a single frequency and can reconstruct a C-scan
or plan view of the flaw. The method gathers a pair of data points for each
discrete location in the scanned aperture. These data are representative of
the C-scan actually detected by the transducer. They are back-propagated to
the flaw depth via computer and a new C-scan is plotted which is the actual
sound field reflected by the flaw. Holography is usually performed using
specialized ultrasonic equipment. The equipment uses a "narrow band" approach

where a tone burst signal is used. The interference of the defect signal with

the tone burst is recorded by in phase and quadrature detection. Using this
approach, the data is not particularly useful for anything other than
holography (i.e. amplitude C-scan or time-of-flight C-scan analysis) because
the tone burst causes the resolution of the timing to be poor. It is possible
to perform holography by digitizing A-scans and Fourier transforming for
processing. This can be a computer intensive process. Holography also
requires that the scanning be performed precisely and the data taken
relatively closely. Usually this criteria causes the inspection area to be
limited in size due to computational limitations or the size of the arrary
that is to be reconstructed. Finally, holography requires that a beam with
broad coverage be used. The broad beam is essential so that information is
received from a large area in order to get good interference information for
accurate reconstruction, This is in conflict with the desires of conventional
C-scan imaging where a pencil beam size is desired to get the best discreet
data point resolution in an image. For these reasons, holography and
conventional scanning are usually performed independently. That is, the
conventional scanning system is used to detect defects, then a precision
holography sccan using the broader ultrasonic beam and specialized electronics
is used for higher resolution imaging.

SAFT performs a similar scan of an aperture about the flaw but stores a
waveform for each sample point. The synthetic array formed by scanning may
then be focussed on any point in the inspected volume by delay and sum
techniques. High resolution C-scans, B-scans or volumetric images may be
reconstructed. However, the reconstruction times may be prohibitively long
due-to the large quantity of data which must be manipulated. SAFT requires
that the A-scan be digitized. Similar to holography, it requires a broad
ultrasonic beam to cover a large area in the object and a precise physical
scan. SAFT and holography are fundamentally the same technique but use
different mathematical reconstruction approaches, '
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These imaging techniques are plagued by the unequal reflections between crack
tip and corner trap when applied to thin wall sizing. [Doctor] has reported a
SAFT scanning technique for overcoming this problem. A pair of tandem

transducers are scanned in opposite directions about the flaw. This tends to _

maximize sensitivity to the tip signal and permits adequate images to be
reconstructed from which crack dimensions may be taken. Resolution of this
technique is limited to approximately 1.5 mm,
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8.0  CONCLUSIONS AND RECOMMENDATIONS

8.1 Minimum Detectable Flaw Size

The inspectabililty of Tension Leg Platform Tendons depends on several factors
including: . :

Geometry

Materials

Type of inspection tool
Method of imaging
Inspection criteria

DaOT
R g i

The main objective of this work-has been to establish a method for determining
“a minimum detectable crack size based on a given geometry. The program has
considered the theoretical minimum detectable size based on an assumed 100
percent ultrasonic inspection. We have not considered.human factors or
equipment reliability - except insofar as human factors enter into the
operation'of 1aboratory flaw detectors and imaging equipment.

Our main conclusion is that equation 3-1 may be used, with some
qualifications, to estimate the minimum detectable flaw in geometries s1m11ar
to those of TLP threaded connectors. This equat1on may thus be used in the
design phase to evaluate the inspectability of various components, and to
prepare a preliminary specification for u1trason1c 1nspect1on equipment,

The assumptions and limitations in the use of this equation are as follows:

1. The threshold value of echo response p/po, for a minimum detectable
notch is .001 or less. The value for fatique cracks should tenta-
tiveTy be .002, Since our fatigue crack tests were only conducted on
closed (i.e. unstressed) cracks, this conclusion might be altered by
further tests on cracks under stress which should show responses
closer to those of notches. :

"2, "EXperimental verification was limited to the fo]]pwing conditions-

°

Fine gra1ned steels w1th “almost negliglible attenuatwon were
used.

° 1/2 - 3/4 inch transducers, 1-5 MHz

Maximum path length of 312 mm

Shear beam of 45-75 degree angles

3. Equation 3-1 does not predict the minimum detectable flaw in thread

roots. Thread echoes may hide flaw responses. Flaw detectability is
strongly influenced by beam ang]e and thread form. We recommend
tests such as those descr1bed in Section 4.6 for specific thread
geometr1es.
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8.2 Welded Joints

Equation 3-1 applies only to "far field" acoustic region and should not be

applied to thin walled sections (i.e. 30 mm or less). Specific tests on thin
walled welded specimens indicated the following:

1, Uniess weld root pasé through is removed, notches less than

approximately 2 mm could not be distinguished from the weld foot,
even with imaging.

2. Flaws larger than 2 mm generally gave higher responses than the weld
root or crown in the samples tested, however their images appeared
similar to weld root images. Notches up to 5 mm (the largest tested)
could not be easily distinguished from weld root images. Considering
the reduced responses from fatigue cracks, even larger fatigue cracks

- might be indistinguishable from weld root signals.

3. If the weld root is removed the minimum detectable flaw is be]ow 1
mm.

This suggests fhat the inspectability of welded joints requires either:

a) Removal of the weld root pass'thr0ugh or |

b) Ca11brat1on of initial weld root images for later comparison with
inservice imaging.

These conclusions are app11cab1e to butt welds in thin wa]led pwpe (25-30 mm
wall thickness).

8.3 Marine Coatings

Studies on fouled specimens suggest that inspection may be carried out from

- either the inside or outside of a fouled structure provided the fouled surface
is suitably cleaned. Scraping followed by bristle brushing provided the best

results in these tests., However, all of the cleaning methods attempted left

some residual barnacle growth which caused a significant loss of ultrasonic

signal when inspecting through the: growth This could affect the reliability

of external inspections. : '

ey
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9.0 RECOMMENDATIONS FOR FURTHER RESEARCH

This study has yielded important results about the intrinsic characteristics
of the flaw detection and sizing using ultrasonic inspection methods. This is
only one component of the broader question of Inspectability of Tension Leg
Platform Tendons, or more generally the issue of Inspectability of Offshore
Structures. '

The.broader question which should be addressed is the reliability of practical
inspection methods, which would include the intrinsic reliability studied here
-as well as such factors as equipment reliability, positional accuracy of
scanning devices, and interpretive accuracy of human inspectors or flaw
detection algorithms.

Aside from this broad area of study, we believe additional studies on the
intrinsic reljability of ultrasonic inspection should include the following:

a) UT Response from Fatigue Cracks

Our results indicate that the UT response amplitude from fatigue cracks is
Tess than 50 percent of that from equivalently sized notches. Other data
suggests that this result is dependent on the crack face pressure, and.
that higher response might be expected if the cracks are placed under
tension loads. We would suggest further experiments with the cracked
specimen using a flaw detector to observe crack responsed while subjecting.
the specimens to a bending load.

Inspectability of Welded Joints .
The primary focus of this study has ‘been on threaded joints. The work
that was done on welded joints indicates that the minimum detectable flaw
might depend on the ability to filter the ultrasonic images due to weld.
crown and weld root (assuming the weld is not ground smooth, in which case
a small flaw is easily detected). This suggests that "blind tests" should
be conducted using a number of welded specimens. Images collected before
and after the introduction of various size fatigue cracks should be
evaluated to determine the smallest crack which can be reliably '
detected. This evaluation should be made using only the "after" images to
evaluate the reliability of detecting cracks without the benefit of a pre-
crack image - as for the case of a pre-existing structure.

¢) Sizing Considerations

The ability to size cracks which are larger than the minimum detectable
flaw size is important for fracture mechanics analysis. This study has
shown that amplitude sizing is unreliable. Even the "time of flight"
method applied underestimated the size of fatigue cracks under the
conditions tested. Further studies aimed at validating crack sizing
methods should be carried out using both notched and cracked specimens.
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APPENDIX A
TRANSDUCER SPECIFICATIONS

The manufacturer specification of the transducers of Table 4.2-1 are given in
Figures A-1 through A-10.

A number of transducers were also tested for the spectral content of the beams
under similar conditions to those used for measurements. A spike pulse was
used to create the ultrasonic beam. The technique digitized a reflection from
a surface and Fourier transformed the data. This spectral output was

plotted. Three echoes were tested for each transducer:

1. A path of about 120 ms in water to a flat reflector (long. in water).

2. A longitudinal path in steel of approximately 150 ms using a contact
method (long. in steel). .

\]

3. A shear beam path in steel using an immersion technique (shear),

Figures A-11 through A-22 show the plotted results for four transducer

types. In each figure the response is plotted in a linear and a logarithmic
scale. The vertical axis values in the linear scale plots are arbitrary units
which result from the fast Fourier transform algorithm based on the input
intensities. For comparison, the values should be normalized to the peak
response in each group. Three of the transducer types were 0.5 inch diameter
lead zirctitinate of 5 MHz and 2.25 MHz and a commercial transducer believed

- to be lead metaniobate. These three are representative of data taken on a

number of the table 4.2-1 transducers. In addition to the three transducers
of Table 4.2-1,-a lithium niobate transducer of the type used in the Hutton
TLP inspection system [Hein, Bossi] was also tested.
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RECEIVER TYPE: [P 1Cj
Attenuation: 4¢ Y
Filter: 0.5

GATE TYPE: HG 701
Delay: 208
Width: 4.¢ s

ECHO FROM

Radiused Block"
Cylindrical Hole at
Focal Length |
Flat-Bottom Hole at !
. Focal Length i
Other (sketch)
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Focal
Length =
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Diameter =

SKETCH ~

T
T

L
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?
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. ~
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. TRANSDUCER :
Serial No.: £43-(12%S
Type: QD-2
7-S Mg

Connector:

NC
Length: 20£T
Couplant: H.O

CABLE TYPE: PLSA
&

+ *‘*\‘“%r—fw '] '-:-

PULSER TYPE: _[{PQIS
Damping: _minimom
Rise Timg: _ |5

RECEIVER TYPE: HMRIO|
. Attenuation: 49

Filter: 0.5

, — . GATE TYPE: -~ MG 70!
Time Base: ,5  usec/div: Delay: 200K uec
Vertical Scale: SOOwvolts/div. , ) Width: 0 s

ECHO FROM

Radiused Block
Cylindrical Hole at
Focal Length
Flat-Bottom Hole at
Focal Length
Other (sketch)

- Radius -

Focal
Length =

Hole
Diameter

:‘j SKETCH

f
1“
&

Center Frequency: 3.85 MHz
Bandwidth -3dB: 2.9 MHz

Spectrum Analyzer: ’ . : ?

Signature W A/W Title Ewg S’{D éC.- A . Datela‘nAQ -86
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Time Base: .50 usec/div.
Vertical Scale: 20¢C.w volts/div.

Spectrum Analyzer:
Center Frequency:
Bandwidth -3dB:

2475
LS

MHz
MH2z

Diameter =

TRANSDUCER
Serial No.: GAZ-1233 '
Type: SQ-Z
' 74 - Q25 T2 \
CABLE TYPE: QG S8 .
Connector: BNC :
Length: GC (+
Couplant: H->C
PULSER TYPE: HP2(S
Decnyp u'nﬁ‘. M ouneim
Rise Time: i< ns
RECEIVER TYPE: M@ Q|
Attenuation: A dB
Filter: o085 MHz
GATE TYPE: HG 70!
Delay: 199 <
Width: YRy
ECHO FROM
E] Radiused Block
[} cylindrical Hole at
' Focal Length
E] Flat-Bottom Hole at
Focal Length
] other (sketch)
Radius = ;
Focal '
Length =
Hole

7

SKETCH

. 2 Z7.
Signature j%[n AR 262N
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1

TRANSDUCER

Serial No.: ((4(-11%9 l

Type:

CABLE TYPE:
Connector:
Length:
Couplant:

SD-z

24 %

-1 nuz

RG S8

_BNC

aC ¢t

H,C

Time Base: 1 usecrdiv.
Vertical Scale: 5(¢ mvolts/div.

PULSER TYPE:
D:mem:j
Rise Time:

RECEIVER TYPE:
Attenuation:
Filter:

GATE TYPE:
Delay:
Width:

hepis

M imem

1S

ns

HRIG

a9

ds

0.9

MHz !

g0l

2C8 s

4.6 us

ECHO FROM

N

U
O

g
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Focal
Length =

Hole
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Radiused Block
Cylindrical Hole at
Focal Length
Flat-Bottom Hole at
Focal Length
(] other (sketch)

= ~ SKETCH y
F o
¢ Spectrum Analyzer: 1.0
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p) 27 . . — .
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ULTRASONIC TRANSDUCER CHARACTERIZATION “A”

redehining ultran laboratories, inc.

'-r:e hmits of 139R north gill street

dftrasound state college. pa 16801 usa
814.238-9083 phone
82-0978 telex

" ACOUSTICS: REALTIME AND FREQUENCY ANALYSIS

Transducer type /v < ¢\ - o2 i Serial § < e ; Customer j,(“, /Zf< e (M

Active area Lo e ; Cable 4'/ “o A //Y Other »
METHOD OF TESTING '

M _ e o

Material b

p—

. Beam Travel

O STRAIGIT O ANGLEEEAM/ O DUAL ELEMENT & IMRsIoN . Meter Travel - 2 ’;AJ A/V/
CONTACT SHEARVWA . -
: VE Target in Water Q‘ éw,l ’1/-:\—

INSTRUMENTS AND THEIR SETTINGS

PULSER[& S2 <2 Rmvmé, <‘2r—z OSCILLOSCOPE . Zzé&"qézgt/ﬁ SPECTRUM ANAL. 7}/;4.-»,4 24

Voltage 3 Lo i/ Attenuation 50 otm and 10X atterwator Vert. Scale ZJ( 73
2

Pulse Width ... 77 ¢/ Gain PN S Vert. Scale _ 2 pey/ Horiz. Scale SO A =2
Damping L Bandwidth . . £, ~ 3ci4rg3~  Horiz. Scale Yo

1Y
L7

OBSERVATIONS FROM ABOVE TEST METHOD AND TESTING CONDITIONS

PEAK FREQUENCY 2 . 2“&; ; BANDWIDTH CENTER FREQUENCY 2y R BMDV'IDIHA’I‘-GdBZ(Z"I’/f?—
SENSITIVITY /A,(,( ; T =2.j%Ye ; onER
SPECIAL REMARKS

Transducer Analyst

. L7
///Wf 22, /9w
D&te

o ddy |M{?%'$4‘i 4

PHOTOGRAPH EXPLANATION

. Scope vert. scale/div

. Spec. anal. vert. scale/div
Max. Level at graticule top dBm
'Spec. anal. resolution

. Spec. anal. horiz. scale/div

.  Scope horiz. scale/div

For more information on technical terms
and their significance, see the back page.

F1gure Ad;Za presented in this report was obtained by laboratory analysis of this transducer under the conditions
setforth herein. This data is believed to be true and scientific in character. Ultran laboratories, Inc. :
assumes no responsxblllty, eXp.LlJ.Clt or implicit, if t)Aes§ results are found to vary under different sets of

toar menAd e mc




ULTRASONIC TRANSDUCER CHARACTERIZATION "A"

redetining ultran laboratories, inc.
- ne mus of  4139R north gili street
ulrasound - qiate coliege, pa 16801 usa
814.238-9083 phone
82-0978 telex

" ACOUSTICS: REALTIME AND FREQUENCY ANALYSIS

- Transducer type _ ¢¢ 5¢ - 57 i Serial # _ %) 30y
Active area £, 50 . ¥ . ; Cable £X $9/ic £ X
» ' 7
METHOD OF TESTING '

,\\o v Material -

Beam Travel

l _
O STRAIGHT O ANGLEEEAM/ O DUAL ELEMENT W, DAMERSION Water Travel 3 , A/ém;-/-)/

CONDACT . SHEARWAVE Target inWater . oo g oarr .;(;.I-JZ&R

INSTRUMENTS AND THEIR SETTINGS

PULSER /rl_,.\ Sog52  REENVRR /5 . $D5 OSCILLOSOOPE _T% éﬁz&y/?-smnmj;/ﬂ,y 24/
Voltage o Attenuation _/4: 43 S0 ohm and 10X attamamx Vert. Scale
Pulse Width _ ., . o Gain A f Vert. Scale 20 p v Horiz. Scale /lm 1«{1_

Damping v e Bandwidth &y - i( o 47T Horiz. Scale M'I?E

OBSERVATIONS FROM ABOVE TEST METHOD AND TESTING CONDITIONS
PEAK FREQUENCY __ &7, S 4 jjg ; BANDWIDTH CENTER FREQUENCY Z $ i A2 BANDWIDIH AT -6dB 2 , £ joy Mo
SENSITIVITY _ K\ AL :mt,mmmmmw;fév‘( Y <3": omER

SPECTAL FRMARKS ”

L s e
Transducer Analyst

e £ s> I
Pz 7
Date

PHOTOGRAPH EXPLANATION

Scope vert. scale/div

Spec. anal. vert. scale/div
Max. Level at graticule top dbBm'
Spec. anal. resolution

Spec. anal. horiz. scale/div
Scope horiz. scale/div

For more information on technical terms
and their significance, see the back page.

F]gure The data presented in this report was obtained by laboratory analys:.s of this transducer under the conditions-
A-8 setforth herein. This data is believed to be true and scientific in character. Ultran labox.:atones, Inc. A-9
assumes no responsibility, expilicit or implicit, if these results are found to vary under different sets of




ULTRASONIC TRANSDUCER CHARACTERIZATION “A”

-'ecefmmg'f uitran laboratories, inc.

the hmits o ‘

. 139R north gill street

wrasoand - grate college. pa 16801 usa
814.238-9083 phone
82-0978 telex

‘_-ACOUSTICS:. REALTIME AND FREQUENCY ANALYSIS

Transducer type /- 7 Serial # <3 . ; Custamer Lot s el

’
]

Active area - .. 4. , ; Cable W —c . Other </ .~/ o

) s AR

METHOD OF TESTING

e :
[ ] jeal o
O~

1 | . Beam Travel

Water Travel - 2 A ’{-.7 e,,z_'/

O STRAIGHT O ANGLEBEAM/ omuam G’MICN
CONTACT SHEARWAVE

Target in Water o Lo . - fie wr

INSTRUMENTS AND THEIR SETTINGS ) )
/ - ) T L . .

PULSER f- ... 57T 2 RECEIVER ... T 4 2 - OSCILLOSCOPE & /{&7 2eif{ SPECTRIM ANAL.

Voltage ‘<= Attmuauon Sz P 50 ohm and 10X attamator’ Vert. Scale

Pulse Width . ¢ / Gain D Vert. Scale S Tl A Horiz. Scale

Damping ~ "Z’ g Bandwidth _, 2y ~ 7 .+ 9 g Horiz. Scale _< )y o

OBSERVATIONS FROM ABOVE TEST METHOD AND TESTING CONDITIONS .

PEAK FREQUENCY _&/s:pia _; BANDWIDTH CENTER FREQUENCY _ $2, T, W<9— ; BANDWIDTH AT —6dB _ ey Gfg—
SENSITIVITY /iy - piio oo ; FOCAL LENGTH IN WATER/Y) _ /2 Y ; OTHER
SPECTAL REMARKS '

Z//%_, Pl .,,ga_,,_,

Transducer Analyst

Sted . 5 [Ive

Date

PHOTOGRAPH EXPLANATION

1. Scope vert. scale/div
Spec. anal. vert. scale/div
Max. Level at graticule top dBm’
Spec. anal. resolution
Spec. anal. horiz. scale/div
Scope horiz. scale/div

For more information on technical terms
and their significance, see the back page.

The data presented in this report was obtained by laboratory analys:.s of this transducer under the corditions
setforth herein. This data is believed to be true and scientific in character. Ultran lakboratories, Inc. :
assumes no responsmulty, expilicit or implicit, if these results are found to vary under different sets of




ULTRASONIC TRANSDUCER CHARACTERIZATION “A"

(sd?_fimng ' ultran laboratories, inc.

the limits o 139R north gill street

ultrasound state college, pa 16801 usa
814.238-9083 phone

82-0978 telex

" ACOUSTICS: REALTIME AND FREQUENCY ANALYSIS

Transducer type ,/ 2 - s~ x -~ ; Serial § 2 s
Active area .. .,

s ; Cable J7 554 o 4
METHOD OF TESTING

1 »n
T a

; Qustamer .Ji///ﬁc_yﬁf

e g L7

Y

O STRAIGHT O ANGLEREAM/ O DUAL ELEMENT 0 IMERSION
CONTACT SHEARAAVE -

INSTRUMENIS AND THEIR SETTINGS

PULSER /.. .. 7. e N oscrrioscore 72 A-her 720 ¥ /4 SPECTRUM ANAL. Lohher s
. Voltage LSy Attenuation ___/ S8 S0 otm and 10X attenuator Vert. Scale z83

Pulse Width _ /., . ® /  Gain Sz Vert. Scale _ 2.4,/ Horiz. Scale Lo N

Daping __ . 5 N Bandwidth ; £ s ~ 2 gz Boriz. Scale _ <27, ¢ '

OBSERVATIONS FROM ABOVE TEST METHOD AND TESTING CONDITIONS

PEAK FREQUENCY €7 J #7443, ¢ BANDWIDTH CENTER FREWENCY _ 4/ @), p0a ; BANDWIDTH AT -6dB &/ Sy, /g .
smsrrxvm/,é.-,‘ .’ : m:.mcmmmwv > 4 ; OTHER
SPECIAL REMARKS ‘

Transducer Analyst

QL S 5T
Date '

PHOTOGRAPH EXPLANATION

Scope vert. scale/div

Spec. anal. vert. scale/div
Max. Level at graticule top dbm
Spec. anal. resolution

Spec. anal. horiz. scale/div

L-nm&w . sels A s WA B JJ | Scope horiz. scale/div

For more informdtion on technical temms
ST -3 1 and their significance, see the back page.

1 L ' 5 6

The data presented in this report was obtained by laboratory analys:.s of this transducer under the cmdltlms
setforth herein. This data is believed to be true and scientific in character. Ultran laboratories, Inc.

assumes no responsibility, expilicit or implicit, if these results are found to vary under different sets of
test conditions. A-11
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APPENDIX B
ACOUSTIC RESPONSE MEASUREMENTS

Acoustic response measurements were performed on the test sample configuration
of Figure 4.4-3 several times. Repeat measurements were made to correct
measurement inconsistencies in earlier tests and improve reliability of
readings. These tests included measurements of the linearity of the data
acquisition system,

Acoustic Response Calculations

The predicted (calculated) acoustic response for the specimen geometries was
obtained by applying equation 3.1 and the parameters of Tables 3-1, 3-2 and
4,3-1. Tables B-1 and B-2 show the parameters used in the calculation for the
SKOO1 and SKOO5 geometries. The calculation can be applied when the geometry
fits the model. This requires that the beam be applied in the far field (N)
of the transducer ~

= S/nwA

where S is the area of the transducer and X is the wavelength [Bossi et al,
1985]

Acoustic Response Measurements

Measurements of the acoustic response from notches in specimen 4 (SK001),
specimen 5 (SKOO1 with coating), and specimen 6 (SK005) were performed in two
series., Table B-3 lists the tests. The measurements were obtained by
submerging the sample in a water test tank. The ultrasonic probe was
positioned in the water tank, on a scanner frame, above and perpendicular to

the part surface with a 30 microsecond delay from the main bang to front
surface echo. The echo amplitude at this location was used.as the reference
strength., Each response measurement, from the notch locations in each test
sample, was obtained by: :

1. orienting the transducer at the proper angle,

2. adjusting the transducer height above the part to a 30 ms round trip
path to the part surface by the central beam,

3. adjusting the horizontal position of the transducer to be at the
approximate correct path length for the central beam,

4, peak1ng ‘the response signal amp11tude from the notch by adjustment of
the horizontal position,

5. measuring the peak amplitude and normalizing the response to the
reference strength.

This procedure was followed for each transducer employed.

B-1
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TABLE B-2

Calculation of Perfomance for TestIConnector SK 005
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TABLE B-2 (cont'd.)

Calculation of Performance for Test Connector SK 005

Angle C1 f lambda alpha
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TABLE B-3
MEASUREMENTS TESTS

Early Series:

. ' Transducer
Code Object Frequency Type Notches

M1 Specimen
Ml Specimen
M1 Specimen
M1 Specimen
M1 Specimen
M2 Specimen
M2 Specimen
M2 ‘Specimen
M2 Specimen
M3 Specimen
M3 Specimen
M3 Specimen
M3 Specimen
M3 Specimen
M3 Specimen
M3 * Specimen
M4 Specimen
M4 Specimen
M4 Specimen
M4 Specimen
M4 - Specimen
Ml Specimen
M1 Specimen
M1 Specimen
M1 Specimen
M1 Specimen

]
|l Bl ) el aal el el <IN

1 MHz 0.5 in, Sigma
2.25 MHz 0.5 in, Sigma
5 MHz 0.5 in. Sigma
2.25 MHz 0.75 in, Sigma
5 MHz 751n.S1mw
2.25 MHz 51
5 MHz 51
2.25 MHz 751n. S1gma
7
5

S
] [}

5 MHz «751in, Sigma
2.25 MHz in. Sigma
: 5 MHz in. Sigma
1 MHz i
2.25 MHz
5 MHz
2.25 MHz
5 MHz in. Ultran
2.25 MHz in, Sigma
5 MHz .5 in, Sigma
1 MHz 0.75 in, Sigma
2.25 MHz .75 in. Sigma
5 MHz .75 1in, Sigma
2.25 MHz 51
51
7
7
7

A A
e

7<l_'r-l—l_‘l'_l_

5 MHz
1 MHz .75 1in, S1gma
2,25 MHz .75 1in. Sigma
" 5 MHz 5 in. Sigma

O\O\mmmmmmmm&bbbhpbphpbbbhbp

Repeat Series: :
o Transducer
Object Frequency Type

2.25 MHz 0.5 in. Sigma
5 MHz 0.5 in. Sigma’
5 MHz 0.5 in. Sigma
2.25 MHz 0.5 1in, Sigma
'2.25 MHz .5 in, Sigma
5 MHz in, Sigma
5 MHz in. Ultran
5 MHz 1n. Ultran
2.25 MHz . Ultran
5 MHz . Ultran
2,25 MHz Ultran
5 MHz . Sigma
2.25 MHz Sigma

Specimen
Specimen
Specimen
Specimen
Specimen
Specimen
Specimen
Specimen
Specimen
Specimen
Specimen
Specimen
Specimen

mm
>>>">
I MM

v —

o@D

> x>
il P e

T T I N O N N O

OOOOOOOOO

.
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Specimen
Specimen
Specimen
Specimen
Specimen
Specimen
Specimen
Specimen

PorOnHEOOO O

TABLE B-3(cont'd.)
MEASUREMENTS TESTS

MHz - 0.5 1in, Sigma
.25 MHz 0.51in, Sigma
.25 MHz 0.5 in. Sigma
MHz 0.5 in, Sigma
MHz 0.5 1in, Sigma
MHz 0.5 in, Sigma
.25 MHz 0.5 in. Sigma
.25 MHz 0.5 in. Sigma
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Measurements of acoustic response were made and discussed in an interim report
‘'on Phase II1-A of the Inspectability of Tension Leg Platform Tendons, May 1986
and repeat tests were performed and discussed in Phase II-A Interim Report,
Basic Tests Followon, September 1986. :

The results of the followon series of measurements are presented in Figures
B1-B8 for the acoustic response from specimen 4 (uncoated) and specimen 5
(coated) using 2.25 and 5 MHz, 0.5 inch Sigma transducers., Table B-4 lists
the notch sizes. These results show that the trend of the data is in
agreement with the calculated response but the accuracy is insufficient for
absolute size prediction, The 5 MHz results still show a greater calculated
change in signal for a change in notch size than is found in the
measurements. The attenuation coefficient used for the 5 MHz calculation was
obtained by a best fit to the data. The results indicate that the
detectability limit is in the range of p/p0 = 0.0001. The coated and
uncoated samples show similar trends in the shape of the response versus notch
_area curves with an approximately 20% reduction in the coated specimen notch
responses. ' : '

The repeat measurements of the acoustic response from notches in the connector
test specimens indicated that the early series data used saturated signal
strength as the reference. This means that the normalizing signal was not
correct for the earlier data sets. The shape of the data as a function of
notch size is similar in both the early and repeat sets of measurements,

Figures B9-B16 show the average results of two sets of measurements on
specimen 6 compared to calculated values. Table B-5 lists the notch
conditions. The trends in these results are the same as in previous results,
although the magnitudes of the responses are in better agreement with the
calculations.

Measurement from the pin side configuration, no bounce path, were also run on
the coated and uncoated specimens 4 and 5. The data are plotted in Figures
B17-B20 for 2.25 and 5 MHz at 45 and 60 degree beams. The responsé is not
normalized because the normalizing signal from the coated surface varies due
to the coating. These results show the general trend of a reduced signal of
20% looking through the coating. The 5 MHz results show considerable

~ variation from expected response. Also, the trend of increasing response with
area is not consistently demonstrated.

'

Linearity Test

v

A test was run to verify that changes in pulse height would not affect the
relative acoustic response measurement. Table B-6 shows the results for
measurements from notch I using a 60 degree beam. The relative response
values Took very good over the full range of the pulser.

Shear Beam Spread Test

An experiment was run to look at the spread of the shear beam in a

test block. Figure B21 shows the test configuration. A two transducer
pitch/catch method was used. Both 2.25 and 5 MHz, 0.5 inch transducers were
used as the source and a very small transducer used to pick up ultrasound near
the part surface. The source transducer was fixed to generate a 45° or 60°

B-8
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Response ve Notch Area for SKQOOT

2.25 MHz, notches A ,8,C. D

Echo Response

T 1 T T T

40 60 80 100 120

Flaw areg in sq. mm
+ Meas. Sp. 4 ¢ Meas. Sp S

Figure B-1
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Echo Response

0.015

Respons'e ve Notch Area for SKQOT

2.25 MHz, notches F.GE.

0014

00134 .

0.012 -
0.011

0.01 +
0.009 A
0.008 +
0.0a7 A

0.006 4

0.005
0.004 -
0.003 |
0.002 -
Q.001 -

I I i { 4 !

40 60 80

flaw areg in sq. mm
+ Meas. Sp. 4

Figure B-2
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Response vs Notch Areaq for SKOO

2.25 MHz, notches | H.J.

Echo Response

!

100 120

Flaw areg in sq. mm
+ Meas. Sp. 4 ¢ Meas. Sp 5

-~

Figure B-3
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Echo Response

Qespohse ve Notch Area for SKQQ1

2.25 MHz, notches LK,

T 1
40 60 100 120

Flaw areg in sq. mm :
+ Meas. Sp. 4 ¢ Meas. Sp 5

Figure B-4
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Echo Response

Response VS Notch Area for SKOCH

S MHz, notches AB,CD,

i i 1

80 100 120 140

Flaw area in sq. mm
+ Meas Sp. 4 ¢ Meas. Sp 5

Figure B-5
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Echo Response

Response VS Notch Areo for SKOO1

, 5 MHz, notches F.GE.

T 1 I

80 100 120

Flaw areg in sq. mm
+ Meas. Sp. 4 ¢ Meas. Sp 5

Figure B-6
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0.02

Response ve Notch Area for SKQQ

5 MHz, notches |,H.J,

0.018 4

0.018
Q017 -
0016 A
0.015 S

0014 -

Echo Response

0.013 4
0012 -
0.011 S

0.01 4
0.008 -~
0.008 -
0.007 -
0.006 -
0.005 -
0.004 -
0.003 -
0.002 -

“0.001

s

¢

1 ) I ! 1 I I ¥ |
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5411
*+

. Floaw area in sq. mm.
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Figure B-7
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Echo Response

Response vs Notch Area for SKQO1

5 MHz, notches LK,
Q.02 ' '

0.019
0.018 -
0.017
0.016
0.015 -
0.014
0.013 A
0012 A
0.011 -
0.01 4
0.009 -
0.008 -
0.007 4
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0.003 -
0.002
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Figure B-8
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TABLE B-34

SPECIMEN 4 AND 5 (SKOO1) NOTCH SIZES -

Depth Length Area Beam Angle Beam Path Length
Notch (mm) (mm) (mm2) (degrees) (mm)

45 171
45 S 171
45 . 171
45 171
45 162
45

45 -

60 201
60 201
60 201
75 312
75 312

~ W
S 00 000 OO
L] L [ L]

W~ w
o o

p 4

ArroeT—mMmoOMO O ®X
OO NP RPN B WN
*

OWWrHE ~NWN0 WSO

W~~~
0 00 o
o o

—
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Echo Response

Response VS Notch Size for Specimen 6

0.02

Q.19 -
Q.018
Q.017
0.016
0015 -
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Q.013 4
0.012 A
Q011 -

Q.01
0.008
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.0.006 -
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0.003 4
0.002 4
0.001

0

2.25 MHz, Row 1 Notches

0

! T !

10 ' .20

Notch Areg in sq mm
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Figure B-9
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Echo Response

Response vs Notch Size for Specimen 6

2.25 MHz, Row 2 Notcheg
0.02 v

Q.Q18 -
0.018 A
Q017 |
0.016 -
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0014
0013 4
0.012 A
Q.011
Q.01 A
0.008 -
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0.005 -
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- 0.003
0.002 -
0.001 4

0] T T T T T ‘ T

o 10 20 : 30

Notch Area in sq. mm
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Figure B-10
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Echao Respense

Response vs Notch Size for Specimen 6

2.25 MHz, Row 3 Notches
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Figure B-11
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Echo Response

Response vs Notch Size for Specimen 6
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Figure B-12
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Response vs Notch Size for Specfmen 6

S MHz, Row 1 Notches
0.05 ,

0.045 S
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0035-‘
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0.025 4

Echao Response
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Figure B-13
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Response vs Notch Size for Specimen §
S MHz, Row 2 Notches

0.05
0.045 4
Q.04 -
Q.035 -
0.03 +
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- 0.02

Echo Response

0.015 1
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Figure B-14
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Echo Response

Response vs Notch Size for Specimen 6
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- Echo Response

Response vs Notch Size for Specimen 5

S MHz, Row 4
0.01 | y Row 4 Notches
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0.008 -
0.007
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0.003 -

0.002

e
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Figure B-16
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TABLE B-5

SPECIMEN 6, SKO0O5

Depth Length :
Row: Notch (mm) (mm) _ ~ Beam Angle Path Length

45
45
45

p-Jeo-Rep]
O oy W

60
60
60

70
70
70

O P w P> WO > 0O
N W oy O o W O D w

—
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Siganl (Valts)

Siganl (Valts)

SKOQ1 Pin Inspection

2.25 MKz, 45 degrees, Notches F.G,E.
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SKOO1 Pin ln:spec’cion

2.25 MHz, B0 dagraes, Noichea F.G,E.

Siganl (Valts)
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SKO01 Pin Inspection
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Figure B-18
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SKQOO1 Pin Inspection

5 MHz, 45 degress, Notchees F,G.H.

Si§qnl (Valts)

14
20 60
Flaw arsa in ai. m

m
a Sp. 4 uncoatad Sp. S coated

SKO0O1 Pin Inspection

S MHz, 45 dagmea, Notochea W J.

Sigan! (Valts)

T : T
20 40
Flaw area in ai. m

m
O . Sp. 4 unocoted Sp. S cootad

Figure B-19

B-29
ARCTEC OFFSHORE CORPORATION-




+ o

Walts)
o

Y

.P?'JI'II f,

[

[
B+

-

D

SKOOT Pin inspection
S MHz, 80 Jagreas, Motchee £ GE.

<.

(U]

anl (Waltz)

[ 3]

] 1
| |
f f
t
!
! i
J :
s {
f é
] H
f l
- [ S $
T
é ﬁ-__--‘h% , ee——
f +~
=
|
E
. T T T > T T - T
a. 20 ; 40 80 a8
Flaw arsa in aq. mm
g Sp. 4 unsoated + Sp. 5 oconated
SKCO01T Pin Inspection
S tMHz, £0 dsgresa, Motohea { H.J.
y i
i
¢
~

e e s e

_‘ h——‘-_—_‘ﬂ\
', ~..
{ "~ _
| e,
] —
A
i
{
|
¢
1 :
’ H H 4 L RS ) 7
2 =0 4+ 20
A Flow orma in agq. mom
3 Sp. 4+ unocated + Sp. £ ovoted

Figure B-20

B-30

ARCTEC OFFSHORE CORPORATION




TABLE B-6
LINEARITY TEST

Pulse Strength Front Surface Reference Notch Response Relative Response

Max ) ' 883V 2.25V .0025
Mid 555V ‘ 1.28V .0023

Min 148V ' .34y L0023
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shear beam in the part. After the bounce, the ultrasound returns to the entry
surface. A C-scan image of the ultrasound field which radiates from that
surface was obtained by scanning the small point transducer over the area.
Figure B-22 shows the images. Each image is scaled with 1 cm tick marks. The
increase in beam size from 5 MHz to 2.25 MHz is dramatic. Also,the beam size
increases at 60 over 45 shear. A surprising result is the two lobes of the
60 beam. The lower lobe in the image is at the expected geometric position
for the bounce path of the shear wave. The second lobe is apparently due to
mode converted waves at a shallower angle on the bounce.

B-33
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Figure B-22.. Shear Wave pattern a) 5 MHz, 45° b) S5MHz, 60° c) 2.25 MHz,45°
d) 2.25 MHz, 60°. (Each division along the edge of the images

‘ is 1 cm).
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APPENDIX C

Thread Effects Study Specimens
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APPENDIX C

THREAD EFFECTS STUDY SPECIMENS

The test specimen 4 (SKOOl, Figure 4.4-1) and specimen 6 (SK005, Figure
4.4-2) were modified to contain representative thread patterns.

Figure C-1 shows the thread pattern for specimen 4 and Figure C-2 shows
modified specimen 4A part drawing with EDM notch pattern. The notch size is
~given in Figure C3. Table Cl summarizes the notch pattern. The specimen 4A
_thread pattern is an Exxon Production Research (EPR) modified buttress thread.

Figure C4 shows specimen 5A. This is specimen 5 with threads machined and a
fatigue crack was grown at the root of the fifth thread.. In actual fabrica-
tion, however, an error in machining resulted in a different configuration
than Figure C4. Therefore, a second specimen 5AA was fabricated and a fatigue
crack grown. ' ‘ ‘

Figure C5 shows the thread pattern used on the specimen C6, This is a rotary
shoulder connector thread. Figure C6 shows the threaded specimen 6A, Table
Cl summarizes the notch pattern. ' :
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SPECIMEN 4A (SKO0O1):

]

Depth

gmmg

— N PO

(Residual) approx. 2
(Residual) approx. 1
(Residual) approx. 2

SPECIMEN 6A (SKO0O05):

18
1A
IM-
8
7A
™

Depth

gmmﬁ

S NW N W

TABLE C1

THREADED SPECIMEN NOTCHES

Length

(mm) Location

18 Root of thread #5
12 Root of thread #5
6 Root of thread #5
3 Root of thread #5
approx. 10 Thread 2 but not in root
approx. 7 Thread 8 but not in root
approx. 10 Thread 8 but not in root
Length :
(mm) Location
9 Root of thread 1
6 ‘Root of thread 1
3 Root of thread 1
9 Root of thread 7
6 Root of thread 7
3 Root of thread 7

C-5
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APPENDIX D
'MARINE GROWTH STUDY

Test Specimens

Two test samples were subjected to biofouling by being submerged for one year
on a NOSC test tower one mile offshore from Mission Bay, San Diego,
California. The two specimens (later designated A and B) were fabricated from
4340 steel according to Figure D-1 (SK006). The samples were coated with
epoxy to protect all but surface A (see Figure D-1) from biofouling. The
specimens as they appeared following retrieval from the ocean and delivery for
scanning is shown in Figure D-2 and D-3. Figure D-3 shows a grid marker used
for locating data acquisition points on the specimens. Figure D-4 is a sketch
of the growth on each specimen. Specimen B contained more long, stringy
growth than specimen A, Cleaning sequence of the marine biofouled specimens
is listed in Table D-1.

Figure D-5 shows plastic scraping of specimen B and the residual. Plastic
scraping is not a very difficult task. The main barnacle bodies are removed
although 'their adherent residual remains. Close observations show that some
fine grasses remain., Figure D-6 shows bristle brush cleaning of specimen B,
The bristle removes much of the fine . grass left by the plastic scraper.
Figure D-7 shows wire brushing of specimen B, The brushing removes all but
the adherent barnacle residual. The wire brushing also scores the surface
leaving it rough, Figure D-8 shows water jet cleaning of specimen A. The
water jet was 5000 psi. The surface condition is similar to plastic scraping
and bristle brushing but the main body of the barnacles are not removed,
Figure D-9 shows sandblasting of specimen A. The surface is roughened and,
with time, the barnacle bodies are slowly eaten away. The figure shows a
barnaclie in the lower right being blasted, but removal was very slow.

At each cleaning step measurements were made of the acoustic response in
various configurations. Table D-2 lists the experiments performed. The
primary experiments measured the effect of the marine growth and the removal
method with respect to straight beam transmission into the part and reflection
from back surfaces, and with respect to angle beam measurements from notch
defects. Measurements were made using 2.25 MHz and 5 MHz, 0.5 inch diameter
transducers although experiments 12 through 14 used other transducers to test
the ability to penetrate marine growth.

Straight Beam Measurements

Figure D-10 shows the geometry for the straight beam measurements. Figure D-
11 shows the test set up. Measurements were taken from the growth side and
from the inside (clean surface representing the inside of a possible tension
leg configuration). The straight beam measurements looked at the front
surface and back surface signal strengths to evaluate the ability to penetrate
the biofouling., Table D-3 lists the general behavior of the signal response
as a function of cleaning. Table D-4 lists conclusions about the straight
beam measurements.
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received.



Figure D-3, Test samples with location grid.
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Figure D-4  Sketch of Growth Patterns on Test Specimens
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. TABLE D-1

~ CLEANING SEQUENCE FOR SPECIMENS

Specimen A

- As received
Remove epoxy coating
‘Use water jet (5000 psi)

Use sand blaster

D-6
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~ Specimen B

As received
Remove epoxy coating
Use plastic scraper
Use bristle brush

Use wire brush




Figure D-5.

Plastic







Figure D-7.




Figure D-8.

Water jet cleaning of

D-10

specimen A.






TABLE D-2

Experiment/ Ultrasonic Beam Orientation Surface

Specimen Frequency to Specimen Condition
1A 2.25 MHz - Growth side Undisturbed Straight beam
1/2 in. dia. growth surface and back
echo response
2A 5 MHz, 1/2 Growth side Undisturbed Straight beam
in, dia., , growth
3B : 2.25 Growth side Undistufbed Straight beém
growth
4B 5 Growth side Undisturbed Straight beam
growth
5A 2.25 Growth side Epoxy removed Straight beam
6A ! 2.25 Inside Epoxy removed Straight beam
7A 2.25 and 5 Inside Epoxy removed Angle beam on
flaws
8A | 5 Inside Epoxy removed Straight beam
98 ~ 2.25and 5 Inside Epoxy removed . Angle beam on
flaws
108 2.25 - Inside Epoxy removed  Straight heam
118 -5 ' Inside ‘ _Epoxy removed Straight beam
12A 2.25 MHz, Growth side Epoxy removed Straight beam
~ 3/4 in. dia. :
13A 1 MHz, 3/4 Growth side Epoxy removed Straight beam
in dia. - ’
14A 2.25 MHz, Growth side Epoxy removed Straight beam
1 in, dia.,
4 in. focal
length
158 2.25 and 5 Inside Plastic scraper Angle beam on
flaws
168 5 Inside Plastic scraper Straight beam
178 2.25 Inside . Plastic scraper Straight beam
_ 18A 2.25 Inside Water jet Straight beam

D-12

ARCTEC OFFSHORE CORPORATION




2.25 and 5

2.25
2.25

2.25 and 5

2.25
2,25

2.25 and 5

TABLE D-2 (cont'd.)

Inside - Water jet

Growth : Plastic

Growth Plastic
Growth Plastic
Growth " Plastic
Growth Plastic

Growth Bristle

Growth Bristle

Growth Bristle

Growth Bristle
Growth Bristle
Growth side

(inside machined)

Growth side

: Growth/side

Inside

Inside

D-13
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scraper

scraper

scraper

scraper

scraper

brush

brush

brush

brush

brush

Angle beam on
flaws

Straight beam

450 shear at
edge

Front and back
echoes

450 shear at
edge

Ang]e beam at
edge

Straight beam

450 shear at
edge

Straight beam .

450 shear at
edge

-Angle beam on

flaws and plot
of strength vs,
angle at 2.25

Strajight beam
450 shear at
edge

Straight beam
Angle beam on
flaws

Angle beam'on
flaws

Straight beam
Angle beam on
f]aws

Angle beam.on
flaws




2.25 and 5

2.25
5

TABLE D-2 (cont'd.)

Inside Water jet

Growth side Wire brush

Growth side Wire brush

D-14
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Response as a
function of angle

Straight beam

Straight beam




(b)

Figure D-10. Geometry for straight beam measurements; a) growth side, b) inside.
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i

o

Figure D-11, Test set up for ultrasonic measurements; a) positioning over

specimen B on undisturbed growth side, b) positioning over
specimen A for inside inspection.




The signals listed in Table D-3 did not include variations due to barnacles.
At barnacles the signals could be lost entirely. Figure D-12 shows typical
signals and the complete loss of back signal at a barnacle. The readings of
Table D-3 indicate that for outside inspection the grassy material should. be
removed by plastic scraping and bristle brushing, or water jet cleaning,,:Wire
brushing was not deemed to be particularly useful and actually scratched the
surface. When a plastic scraper is used, it is important to follow with the
bristle brush to remove fine grassy residual which affected the 2.25 MHz
signal significantly.

The inside surface condition was also of poorer quality than had been tested
in earlier nonfouled specimens. Serious surface marks were present that may
have caused problems in obtaining a consistent reference for later angle heam
studies. For specimen A the inside surface was later machined to improve the
reference.

. Barnacles were removed by the plastic scraper, but left adherent residual

deposit. The water jet, at 5000 psi, could not remove the barnacles. In the
water jet case the barnacle presence naturally severely limited inspection at
their locations. In the plastic scraper case, the residual material left a
ring which affected the response over that region, Scanning across the
barnacie fesidual caused both the front and back echo signal to fall in
strength, The magnitude of the variation is a strong function of position
over the barnacle and is not necessarily consistent with frequency. In
general, both front and back fall to less than half their values at 2.25 MHz

.and to less than a quarter of their values at 5 MHz,

An unusual discovery in scanning over the barnacle residual was an increased
back signal response over the center of the barnacle while the front surface
response is still reduced. This can bhe understood if the barnacle ring is
acting as a lens to focus the acoustic energy. This is an interesting effect
but of no obvious value.

The average size of the barnacles was approximately 2 cm diameter, and with
significant back surface signal losse& occurring over the outer 0.4 cm of the
diameter. This is approximately 2 cm® of lost inspection region per
barnacle. Cons%dering the two samples contained eight harnacles over a
combined 850 cm“ area, this represents about a 2% loss of inspection due to
barnacle residual. o
Scanning from the inside surface it was found that the back surface reflected
signal experienced a reduction in strength at the location of barnacles. The
barnaclie presence appeared to reduce the echo signal by approximately 30%.

Angle Beam Measurements

Angle beam measurements using shear waves were tested from both the inside and
growth side. The inside inspection used a bounce path inspection shown Figure
D-13o

The flaws present in the biofouled samples were thumbnail EDM notches of one
to three depth to length ratio. The notches labeled in Figure 1 were of
depths: A =3 mm, B=4mm, C = 5mm, and D = 6 mm. The measured response
from the notches as a function of cleaning are shown in Figures D- 14 through

D-17
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TABLE D-3

GENERAL RESPONSE OF STRAIGHT BEAM MEASUREMENTS
AS A FUNCTION OF CLEANING

Front Sur?ace Back Surface

32§C]-,Cond1tion ‘ Orientation Frequency (relative signal strength)

A Epoxy removed Growth side 2.25 200-450 15-25
A Water jet cleaned Growth side  2.25 500-700 35-45
A Undisturbed growth Growth side 5 20-40 | 1-3

A Water jet cleaned Growth side 5 ©100-300 15-25
A Undisturbéd growth Inside 2.25 800 25-40
A Water jet : Inside 2.25 800 24-40
A wager jet and Inside 2.25 880 38-44

-machined -
A Undisturbed growth Inside 5 500-600 34-40
A Water jet and Inside 5 730 . 40-50
machined

B Undisturbed growth Growth side 2.25 100-300 5-20
B Plastic scraper Growth side @ 2.25 130-300 ' 13-24
B Bristle brush Growth side  2.25 560-720 - 34-42
B Wire brush Growth side 2.25 540-620 32-38
B Undisturbed growth Growfh sidé_ 5 10-80 1-8

B Plastic scraper. Growth side 5. 150-250 10-35
B Bristle brush Growth side 5 200-350 25-40
B  MWire brush - Growth side 5 ©100-300 $20-30
B Undisturbed growth ‘Inside 2.25 850-880 37-42
B Plastic scraper Inside - 2.25 | 790-820 35-40
B Undisturbed growth Insidev 5 690-740 - ~ 30-50
B Plastic scraper Inside 5 ~ 550-700 30-40

D-18
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TABLE D-4

CONCLUSIONS OF THE STRAIGHT BEAM MEASUREMENT

The reflected signal strength from the front and back surface
increased significantly with cleaning when inspecting from growth
‘side, _

Water jet cleaning increased signal strengths when inspecting from
growth side, by approximately a factor of 2 at 2,25 MHz and a factor
of 10 at 5 MHz,

Plastic scraping did not appear to increase the 2,25 MHz response
when inspection from the growth side but increased the 5 MHz response
by a factor of 5or 6.

Bristle brushing increased the 2.25 MHz response when inspecting from
the growth side by a factor of 2 and the 5 MHz response by perhaps a
factor of 1.5. '

Wire brushing did not imprové response when inspecting from the
growth side and may have damaged surface to slightly decrease
response, »

Water jet cleaning and bristle brush cleaning, when inspecting from -
the growth side, showed generally equivalent responses. .

Inspection from the inside did not demonstrate significant changes in
response as a function of cleaning.

ARCTEC OFFSHORE CORPORATION




Front surface

Back surface

Front surface
multiple

Front surface

Front surface
Pl o . , // multiple

Figure D-12. Typical signals a) over soft marine growth, b) over a barnacle
for growth side straight beam inspection. The signal is ten times
the level for a), but the back surface signal is lost.




d!' 45° 60° 75°

Figure D-13. Inspection configuration for inside angle beam inspection
of notches,

D-21

ARCTEC OFFSHORE CORPORA TION



D-17 for 2.25 and 5 MHz on specimens A and B for the inside inspection. The
data taken on the fouled specimens are plotted as points. The line represent
the average reading taken on unfouled specimens. These results show no
consistent effect of the biofouling presence and cleaning on the signal., In
the specimen A case the response signals increase with water jet cleaning, but
a subsequent- measurement following machining of the inside surface reduces
this effect. Although the values do vary, in most cases they are not
significantly different from the average from unfouled samples and are not
consistently higher or lower than previous data. These tests did not
necessarily involve a bounce at the specific location of a barnacle.

Measurements were taken using angle beams from the growth side to look at
notches B and C with 45 degree and 60 degree beams. Notch B is 4 mm deep and
notch C is 5 mm deep. The surface condition of the part caused the method of.
using a front surface reference signal to be inconsistent due to large
variations. The amplified signal from the notches is therefore plotted in
Figures D-18 and D-19. The ‘unfouled' result is data taken from an SK001
sample that was not subjected to marine biofouling. These results indicate
water jetting, or plastic scraping and bristle brushing, create a condition
suitable for angle beam measurements. Measurements were not made with
undisturbed growth because the signals were significantly inhibited in that
case.

The angle beam measurement indicates that in this study, variations in
response due to all factors appear to be greater than variations due to marine
. growth biofouling after water jetting or plastic scraping. The total factors
involve the beam angle which plays a significant role in the response expected
from a notch using shear wave angle beams. Figures D-20 through D-23 show the
variation in signal response for inside inspection of notches B and C as a
percent of the signal measured at 45 and 60 degrees. Figure D-24 shows a plot
of calculated shear wave angle in the material vs. the transducer angle.
Small changes in the transducer orientation can cause a much larger change in
the shear wave angle in the material, Figure D-25 shows the response from
notch C as a function of beam angle for growth side inspection. This was
performed on specimen B after bristle brush cleaning at' 2.25 MHz, The
response is normalized to the response at 45 degrees. ’

Tests of the effect of the barnacle presence on bounce path measurements were
tried. Figure D-26b shows this configuration. These tests were performed
approximately eight months after the parts had been removed from sea water.
With a SMHz transducer, there was some evidence that the presence of the
barnacle could reduce the return signal., Due to configuration problems, the
tests were only run at 45 ., The reduction was less than 6 dB (50%) and the
signal itself varied by 6 dB over clear (no barnacle) regions. For 2.25 MHz
there is less evidence of sensitivity for the barnacle. The conclusion is
that the barnacle would not affect bounce path inspection at low energies
(2.25 MHz) and may cause a slight loss <3 dB at higher frequency SMHz. After
approximately 15 months, the tests were repeated at 5 MHz on specimen A using
C-scan images. Figure D-27 contains the results. In Figure D-27 the signal
was gated on an echo after a bounce path skip over an area containing.
barnacles. No evidence of the barnacle pattern was found. When the gate was
reset to the bounce surface, the barnacle pattern of Figure D-27h was

imaged. This indicates that the angle beam is scattered in some relation to
barnacle residual on the outside. A straight heam C-scan was also made over
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Response at 2.25 MHz from Notches

os a function of cleaning of Specimen A

Q013 ’

+

0.012 4
Q011 -
0.01 -
0.008 -
0.008 -
0.007 A
0.006 -

0.005

Relative Response

0.004 H
0.003 4

0.002 1

0.001

O i 1 - 1 1
A B e D

Notf:hes : : i
o Undisturbed +  Water Jet ¢  Weter Jet & Machine

Figure D-14. Response as a function of cleaning. The solid line is the
average value of notch response from an unfouled sample.
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Response ot 2. 25 MHz from Notches

as a funct(on of cleamng of Specimen B

0.012
0011 4
0.01 +
0.008 -
0.008 -
0.007 -

0.006 A

.0a5 -

Reiative Response

0.004
0.003

0.002 4

0001 4+— :
A

g Notches
o Undisturbed + Plastic Scraper

Figure D-15. Response as a function of cleaning. The solid line is the
average value of notch response from an unfouled sample.
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Response at 5 MHz from Notches

as a function of cleaning of Specimen A
0.012 :

0.011

0.01 +
0.008 .
0.008 A
Q.007 H
0.006

0.Q05

Relative Response

0.004

G.0a3 +

0.002 H

0.001 A

0 T T T _ T
A B C D

. ‘Notches '
0 Undisturbed +  Water Jet ¢  Water Jet' & Machine:

Figure D-16. Response as a function of cleaning. ‘The solid line is the
average value of notch response from an unfouled sample.
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Response at 5 MHz from Notches

s 1 function of cleaning of Specimen B

0.02 ‘ B
Qo1e 4 .
0018 -
0.017 -
0.018 -
0.015 -
0.014 -
0.013 -
0.012
0.011

0.071 4
0.008 -
0.008 -
0.007 -
0.006
0.005 -
0.004
0.003
0.002 -

Relative Response

0.001 . T T i l
A B c D

. Notches
o Undisturbed + Plastic Scraper

Figure D-17. Response as a function of cleaning. The solid line is the
average value of notch response from an unfouled sample.
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Response (Volts)

Notch Response at 2.25 MHz

angle beam from growth side

1 4

. B-45 C-45 B-60

“ Notches :
*+ Plastic Scraper ¢ Dbristle brush

O water jet & unfouled

Figure D-18
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Response (Volits) .

Notch Kesponse at 5 MHz

angle beam from growth side

25 4

15 4

10

Q 1 I i i

B-45 C-45 B-60 C-6C

Notches ) :
t  Plastic Scraper ¢  bristle brush

g water jet ' 4 unfouled

Figure D-19
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Relative Response

0.4 -

Response vs Beam Angle from Notch B

2.25 MHz on specimen A after water jet
1.2 ‘

1.1

Q.9
08 -
Q.7
0.6 4

054

0.3+

a3 432 44 45 48 50 52 54
Becm Angle (degrees)

Figure D-20
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Relative Response

1.1 4

Response vs Beam Ang(e from Notch B8

5 MHz on specimen A after water jet

1.5
1.4 1
1.3

1.2 4

1 -
0.9 -
0.8 -
Q.7 -
0.6 -
0.5 -
0.4 -
0.3 -
Q.2 -
0.1 -

&) 1 T 71 | R DR S S R S SR S
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' Beam Angle (degrees)

Figure D-21
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Relative Responsa

Response vs Beam Angle from Notch C

2.25 MHz on specimen A ofter water jet

24
2.3
2.2 4
2.1 4

2_.
194
1.8 -
1.7 -
1.6
1.5 4
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A
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]

60
Beam Angle (degrees)

Figure D-22
D-31
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Relative Responsa
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054

Response vs Beam Angle from Notch C
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S MHz on specimen A aofter water jet
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Figure D-23 .
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Shear Wave (degrees)

Shear Wave Angle vs Transducer Angle

"
4'0 i I I t i !

18 20 22 - 24

Transducer Angle (degrees)

Figure D-24
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Relative Notch Response

Notch C Response vs Transducer Angle

1.5

Specimen B, growth side, 2.25 MHz

1.4 -
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1.1 -

1
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Q.6 -

Figure D-25
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Beam Angle (degrees)
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f Transducer

Barnacles

Figure D-26 Configuration for Angle Beam Bounce
Off the Barnacle Residual of Specimen A
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the same region but the barnacle pattern was not detected, see figure D-28c,
probably because the effect is small relative the strong echo of a straight
beam ‘inspection.,

Other Measurements

Other measurements were made on the biofouled samples -using three different
transducers (2.25 MHz - 0.75 inch, 1 MHz - 0.75 inch, and a 2.25 MHz - 1 inch
focussed transducer) to look through the undisturbed growth, The 0.75 inch,
2.25 MHz transducer did not offer any noticeable improvement over the 0.5 inch
diameter transducer used for the bulk of the study. The 1 MHz transducer
appeared to have more noise in the signal., The focussed transducer, when used
so that the 1 inch diameter beam focussed to about a 0.5 inch beam at the
surface appeared to have greater power for inspection in the part, Signals in
this case were not lost as easily over barnacles. These few tests were
inconclusive that there is or is not a means to improve inspection by lowering
frequency or changing beam size.
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APPENDIX E

Keld Samples

ARCTEC OFFSHORE CORPORATION




APPENDIX E
WELD SAMPLES

Samples of welded connector components were provided by Chevron and Conoco.
Figure E-1 shows the specimens. The Chevron sample was 25 mm (1 inch) thick
flat plate. The weld was HY-80 to WT70 material with the weld ground

smooth, The Conoco material was rolled and welded line pipe approximately 20
mm (0.8 inch thick.) Two of the Conoco samples were epoxy coated and one was
left bare. The welds were in the as welded condition with both the weld crown
and drop through present. The crown was approximately 25 mm wide consisting
of about three weld beads and approximately 3 mm high, The drop through was
approximately 8 mm wide with heights of between 0.8 to 3 mm.

EDM notches were placed in each sample. Figures E-2 and E-3 show the notch
placement and size. Notch depths were nominally 5.1, 2.5, 1.3, 0.5 and 0.25
mn deep with length of approximately 50 mm.

E-1
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Figure E-1. Test samples for weld tests Chevron, b) Conoco.




Curved Plate With Epoxy Coating

Line Pipe 3/4" Thick
Approximately 1 ft radius Curvature

Place notches af locations shown
approximately .250" from center
of root of weld.

WELD DROP //
THROUGH

Notch Depth Length Width

A - .20" 2" .025"
B .10" 2" .025"
c .050" 2" .025"
D .020"+.002" 2" .025"
E .010"+.002" 2"  .025"

Nominal

Tolerances: Depth +.005"
Length £.10"
Width +.005"

sy

e

R = Pipe Radius

Figure E-2 - Nominal Notch Shape
EDM Notch Placement
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Flat Plate

Material: HY 80 Scale = 1/4

Thickness: 1 inch

CENTER PUNCH , CENTER PUNCH

N

Place Notches 1/2" off Centerline between punch marks at locations shown.

Notch Depth ~ Length Width

.20" 2" .025"
.10" C2" .025"

050" 2" .025" ~ .
.020"+ .002" 2" .025" ‘ Nominal Notch Shape

.010"+ .002" 2" .025"

d.

. —

Mominal
Tolerances: .005"
1II

.005"

+ H+ +

Figure E-3 EDM Notch Placement
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APPENDIX F R ;
FATIGUE CRACK TESTS |

Fatigue cracks in specimen 5A, 5AA and specimens 14 through 16 were generated
at Arctec Offshore using bending test fixtures. Specimen 5AA is an SK001
connector with threads. Specimens 13 through 16 are 1 inch thick flat plate
specimens. Specimen 13 was a calibration piece with EDM notches, specimens 14
through 16 were bending loaded to generate fatique cracks. The fatigue

‘generating equipment is shown in Figures F-1 and F-2 for the fatigue cracking

of specimen 5AA and 14-16 respectively. The system uses an off center weight
on a rotating wheel at the end of a lever arm from the test part to fatigue
load the sample. Cycles are counted by the rotation of the motor,.

The test fixture clamps to the part being fatigued and is also clamped to a
bench., The clamping caused cracks to initiate and grow not only at the center
location where a scribe or notch was placed to start the crack, but also at .

. edges of the fixture. Edge cracking was bad in specimen 5A and therefore a

second test was run on specimen 5AA to try to reduce the edge crack effect.

Ultrasonic inspections of the cracks were conducted at Arctec Offshore on the

-test samples using a 5 MHz contact transducer. Appendix G contains a photo

record of these ultrasonic inspections. For specimens 13-16, the ultrasonic
inspection schemes are shown in Figure F-3. Calibration results on specimen
13 are.shown in figures F-4 and F-5 as a function of the beam orientation.
Figure F-4 shows correlation between peak amplitude and notch size. Figure
F-5 shows correlation between the time of flight distance for the reflection
from the notch tip and the notch root. The amplitude data is consistent with
that shown in previous tests: peak amplitude correlates with size for small

cracks but not for large cracks. The saturation threshold increases with path

length, which supports the theory that beam spreading is the reason for this
effect. The tip-root time delay data is much more correlated for all notch-
sizes. Figure F-5 also shows the tip-root delay results for the fatigue
cracks. : _ '

Interestingly, the tip root time delay method under predicts crack size.

Table F-1 shows the estimated versus actual crack size based on time of flight
measurements made at 0TC using a contact transducer (see Appendix G) and those
made at SIGMA discussed in Section 4.10. In both cases the estimated crack
sizes were under estimated by 32-34 percent. Similar results were found by
[Hayman] as shown in Figure F-33, One possible explanation for this is that
the leading edge of the fatigue crack may not be a reflector of ultrasonic
energy, thus making the crack appear smaller than it really is. This would
account for the fact that the time delay curve for fatigue cracks in Figure F-
5 does not appear to pass through the origin. Repeating those experiments _
with cracks subject to tensile stress could yield different results, however.

Figure F-6 shows the amplitude results of contact transducer inspection for
fatigue cracks in specimens 14 through 16. Interestingly, the comparison of
fatigue crack data with EDM data is very good, indicating that fatigue cracks
are good reflectors of energy at 5 MHz. These results show better correlation.
than the immersion ultrasonics discussed below. ’

F-1
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ULTRASONIC SIGNAL AMPLITUDE

© FRONT - 1 BOUNCE 1
O FRONT - 2 BOUNCES O
Q BACK - NO BOUNCE m

X BACK - 1 BOUNCE IV

1 ol

FIGURE F-4.

EDM Notch Calibration (Specimen 13)

F-5

7 8
EDOM NOTCH DEPTH
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ULTRASONIC SIGNAL NOTCH TIP TO ROOT TIME DELAY

H secC.

3 4

EDM NOTCHES

© FRONT = 1 BOUNCEI
O FRONT = 2 BOUNCES I
Q BACK - NO BOUNCE II
e 3k BACK - 1 BOUNCE I

FATIGUE CRACKS

® FRONT - 1 BOUNCE

b
b
-

FIGURE F-5.

Notch/Crack Depth Comparison of Notch and
Fatigue Crack Tip to Root Time Delay

F-6
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MAX. ROOT REFLECTION VOLTAGE

G EDM NOTCHES

© FATIGUE CRACKS

3.0 4.0 5.0 6.0

- NOTCH / CRACK SIZE ( MM )

Figure F-6 Comparison of Notch and Fatigue Crack
Reflection Amplitude with Contact UT Inspection
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15-1
15-2
15-3
15-4
16-2
16-3
16-4

Average‘

Actual
Fatigue:
Crack

Size

TABLE F-1

COMPARISON OF CRACK SIZE ESTIMATES
BASED UPON TIME OF FLIGHT METHODS

Estimated Estimated

by SIGMA . by OTC
(Immersion (Contact
Transducers) Transducers)
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For specimen 5AA the ultrasonic inspection paths are shown in Figure F-7.
Figure F-8 shows the estimated crack size (based on tip root delay) versus
fatigue cycles, The initial crack growth occured at the edges. After about
60,000 cycles the clamping mechanism was changed to distribute greater stress
to the center of the notched piece. This reduced the edge crack growth and

" generated a center crack. ’ ' :

Specimens 13-16 were inspected using immersion ultrasonics to determine the
amplitude response from fatigue cracks. The tip/root separation method
(sattellite pulse) was used to establish crack depth using the notch responses
shown in Figure 4.10-5. Six cracks were found to be in a good range of
interest, notch 15-2 estimated at 1.4 mm deep, 14-4 estimated at 2.2 mm deep,
16-2 estimated at 2.4 mm deep, 16-3 estimated at 3.7 mm deep, 15-4 estimated
at 5.4 mm deep and 15-3 estimated at 6.3 mm deep.

Actual fatigue crack sizes for specimens 15, 16 and 5A-A were determined by
breaking the specimens at the crack location. Figures F-22 through F-29 show
the fatigue cracks clearly visible because of their darker corroded

surfaces. The crack sizes for specimens 15, 16 and 5A-A are shown in Figures
F-30, 31 and 32, respectively.

Amplitude responses were measured from these cracks and the specimen 13
notches plotted against depth for 5, 2.25 and 1 MHz, 1/2 inch and 3/4 inch
transducers at 15 and 60 degrees from each direction to the crack using 1/2 v
or 3/2 v beam paths. Not all configurations were possible for testing.
Figures F-9 through F-21b show the plots.

The actual fatigue cracks were larger than the estimated sizes by a factor of
greater than 2 (on average). We recommend further analysis of this data to
assess the factors which affect the inspectibility of fatigue cracks. Other
investigations have shown that these results could be at least partially
accounted for by crack shape and/or crack opening. Hayman [1985], Figure F-
34, shows defect depth estimates on the order of 50% of true depths. Becker
et al [1981] show that crack comparison of 25% of yield results in a reduction
in echo response of 5-10 db (32-79%). These results are shown in Figure F-
35, Figure F-36, also from Becker et al [Ibid) shows the theoretical
reflected amplitude from plane stainless steel plates as a function of
separation., Clearly a fatigue crack under tensile stress would be a better
ultrasonic reflector than one under no stress, such as those used in this
study. ’

Since fatigue cracks in TLP tendons will likely be under tensile loadings
during in place inspections we recommend that the fatigue tests on the plate
specimens be repeated with UT measurements being taken under various
calibrated stress levels.

F-9 ,
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SIZE ESTIMATED BY 90°
TIME LAG MEASUREMENTS

ESTIMATED SIZE ( mm )

100 180

LOADING CYCLES ( K-CYCLES )
FIGURE F-8. ~ Specimen 5A-A Crack Growth -
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Amplitude vs Depth

260 5 MHz 45 deg., 1/2 inoh trans., 1/2 V

240
220 o
200 -
180 ~
160 -1
. 140
120 4

400 -

Relative Amplitude

60 -

60 -

40 -4

20

—

O  EDM(R) + FC(4) ° BDM(2) A FC(2)

Figure F-9 ‘ | -
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Amplitude vs Depth

3 MHz 46 deg., 1/2 inch trans., 3/2 V

—

. Raelative Aamplitude

Figure F-10
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Relative Amplitude

Amplitude vs Depth

5 MHz, 60 deg., 12 inuh trans., 1/2 V

38 -

30

25

+ +
+

O EDM(1)

Figure F-11
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Relative Amplitude

Amplitude vs Depth

5 MHz, 45 deg., 3/4" trans., 1/2 V

Figure F-12
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Relative Amplitude

Amplitude vs Depth

S MHz 45 deg., 3/4" trans.,, 3,2 V

Figure F-13

BDM(2)

F-16
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Amplitude vs Depth

2.25 MHz, 45 deg., 1/2" trans, 172 V

Ralative Amplitude

EF’/__,—-E

Figure F-14
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Relative Amplitude

- Amplitude vs Depth

2.25 MHz, 48 deg., 1/2" trans, 3/2 V

Figure F-15

F-18

ARCTEC OFFSHORE CORPORATION




Relative Amplitude

Amplitude vs Depth

2.20 MHz 60 dee., 1/2' truns, 172 V

70 -

60 -

30
20

10

+>

O  EDM(1) +  FC(1) ©  EDM(2)

Figure F-16
F-19°
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Relative Aamplitude

Amplitude vs Depth

2.25 MHz, 43 deg., 3/4" trans., 1/2 V

Figure F-17
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Relative Amplitude

70

Amplitude vs Depth

{1 MEz, 457400. 3/4" trans., 372 V
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Relative Amplitude

~Amplitude vs Depth

t MAz, 45 deg., 1/2" trans., 12 V

5
5 -
4-4
3
2—1
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0 . 5 8
EDM(1) v poy T EDM(2) FOQ2)
Figure F-19
F-22
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Relative Amplitude

Amplitude vs Depth

{ MHz, 45 deg., 1/2" trans., 3/2 V

1.9
1.8 1
1.7
1.6 -

0.8
0.5
0.4
0.3
0.2 -
0.1

—

Figure F-20

pth (mm)
+
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Relative Amplitude

170

Amplitude vs Depth

1 MHZ, 45 deg., 3/4" trans., 12 V

160 -

O  RDM(1)

Figure F-21(a)
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Relative Aamplitude

Amplitude vs Depth

2.25 MHz, 43 deg., 3/4" trans,, 3/2 V

Figure F-21(b)
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Figure F-23 Specimen 15-2
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Figure F-25 Specimen 15-4 g
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‘Figure F-27 Specimen 16-3
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Figure F-29 Speciment 5-AA

" ARCTEC OFFSHORE CORPORATION




R b -

\

‘ /fi‘///////

Specimen 15-1

‘ 7/////// 7/// |

Specimen 15- 2

'-.——___.445

-l‘J

fgi~»———--4so
Specimen 15-3

4—-—282 240

Spec1 men 15- 4

F-30

, /////// f
= //./////

Figuré F-30 Actual Crack Sizes for Specimen 15 (mm) Shown Full Size
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Figure F-32 Actua] Crack Size for Specimen 5A-A
(Shown Full Size Looking Toward Connector Tang)
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TIP-CORNER TIMING
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Figure F-33 Results of Defect Depth Measurement by the Tip-Corner
' Timing Method Using a Focussed Probe [Hayman, 1985]
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ULTRASONIC DEPTH (mm)

Figure F-34

7
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REFLECTED AMPLITUDE -

| J

102 08 1.0
CRACK OPENING — MICRONS

Figure F-36 Theoretical Ultrasonic Reflection Coefficient
from Plane Parallel Stainless Steel Plates
Separated by Air and Water, for 2.25 MHz
Shear Wave at 45° [Becker, et al, 1985]
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G.1  Introduction

The tests using specimen 13 through 16 were designed to determine if the EDM
notch calibration procedure was valid for fatigue crack size measurements
using ultrasonic non-destructive testing. A1l specimens were 20 by 4 by 1
inch thick steel plates with a composition specified by ASME SA 387-22 Class 1
(2 1/84 Cr, 1 Mo). A1l pieces were heat treated- (quenched and tempered) to a
minimum 50 Rc as quenched condition, and a maximum 30 Rc as tempered.

A variety of EDM notches was machined in specimen 13. Each individual notch
was scanned using a 5 MHz, 45 degree transducer at four differenc scanning
paths. The notch signal strength as well as the time delay between its tip
and root were recorded. '

Four different fatigue cracks were then generated in each of the other
specimens. Crack growth was estimated with ultrasonic scans along different
scanning paths and each crack was grwon until it reached an estimated 6 mn in
depth. The final crack depth and shape was verified by breaking the specimen
at each crack location and measuring the crack characteristics (see Appendix
F).

Al

G.2 __EDM Notch Calibration, Speciment 13

A total of five different EDM notches were machined in Specimen 13. Four
different scanning paths were used. A 5 MHz, 45 degree transducer measured
notch signal strength as well as tip to root time of flight delay.

.3 ___Fatigue Crack Generation, Specimens 14, 15 and 16
Test Setup and Instrumentation Nescription

G
G.3.1
G.3.1.1 Test Fixture Description

The test fixture used to generate fatigue cracks in Specimen 14 through 16 is
shown in Figure F-2. A heavy steel bench with a clamping mechanism mounted on
its top was used for the stationary specimen side while a set of long "T"
beams was used as lever arm and clamping mechanism for the oscillatory
speciment side. The fixed steel test bench weighed close to 3000 pounds in
order to insure that the fixed speciment side remained stationary.

The stationary claming device was made of two inch thick steel mating plates
which sandwiched the specimen. The entire assembly was bolted down to the
bench using six half-inch diameter bolts. The bolts were torqued evenly in
order to maintain equal clamping pressures across the specimen.

The oscillatory clamping beams were 3/8 inch thick "T" beams clamped around
the specimen on one side and supporting the oscillatory load generation
mechanism on the other. High clamping pressures are required to apply the
full load to the specimen and avoid any clamping mechanism movement which
would modify the strain measurement calibration. Three evenly torqued half-
inch diameter bolts were used on each side to distribute the clamping
pressures as evenly as possible. Twenty pounds were attached to the beams
underneath the cyclic load generation mechanism in order to increase the load
generation capability. '

G-1
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G.3.1.2 Cyclic Load Generation

A D.C. current motor was mounted at the end of the oscillatory clamping beams
with its rotating axis parallel to the notch centerline. A six inch diamter
plate was mounted on the shaft with one 1.5 pound weight located on its
perimeter. An SCR speed controller was used to adjust the rotation speed. As

- the plate rotates, it creates a vertical load perpendicular to the specimen
centerline. The generated cyclic load is a pure bending load. The system
weight was set such that the SCR control range of zero to 1500 rpm would allow
the system to operate below and above the resonance frequency. The sSystem it
resonance frequency was found to be around 850 rpm or 14 Hz,

The clamping setup weight, -including the motor weight and the additional
twenty pounds, caused an inequality in the load cycle amplitudes during the
mostly used sub-resonance regimes. The measured load cycles were close to
symetric when operating at the resonance frequency. The measured load peaks
were averaged to compute the load acting on the specimen. This assumption
underestimates the actual fatigue crack generating load since the slightly
larger downward load performs the crack growth while the upward load, or crack
lip closure, has a reduced impact on crack growth,

v

G.3.1.3 Cycle Count

The cycle count was performed using a digital stroboscope to accurately
measure the rotations per minute and a stopwatch to measure the elapsed time,

G.3.1.4 Strain Level Measurement

Strain was measured during the experiments along the estimated c¢rack
propagation centerline. One strain gage was installed during most tests on
the opposite side of the neutral axis and as far away from it as possible to
increase the amplification. The strain gage was also installed for a few
tests aligned with the crack but on the specimen top side. This caused wrong
strain readings due to gage slippage as soon as the fatigue crack

propagated. The strain gage type used were 350 ohn gages with a gage factor
equal to 2.125. The quarter bridge gage was inserted in a.bridge completion
circuit and the output signal amplified for an oscilloscope reading.

G.3.1.5 Stress Calibration

The strain gage was claibrated after the complete clamping setup was assembled
and ‘tight. Using 100 pounds calibrated weight increments, a total of 500
pounds was suspended straight underneath the motor. The strain gage output
voltage was recorded. During the actual cycling tests, the strain measurments
were converted in equivalent pounds acting with a known lever arm., The stress
could therefore be computed at the strain gage location,

[

G-2
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G.3.1.6 Ultrasonic Non-Destructive Testing Equipment

Generated fatigue crack size was determined using the combination of an
ultrasonic pulser and receiver. The pulse was set for a 125 volt spike to the
transducer with a 50 ohm damping. A one quarter inch diameter Aerotech % MHz
transducer was used with a 45 degree contact wedge., Ultrasonic coupling gel
was used between the transducer and the specimen, The fat1gue crack
ultrasonic echo on an oscilloscope determined the crack size. Ultrasonic
signal strength as well as time of flight computat1ons were used to estimate
the crack size. Ultrasonic paths are shown in Figure F-3,

G.4 Results from Specimens 13-16
Table G-1 through G-5 present the results of the UT inspect1on.for specimens

13-16. Table G-6 documents the actual UT records photographed in 119 photos,
attached. These resu]ts were summarized and discussed in Appendix F.

G.5 Test Setup for Specimen 5A-A

G.5.1 Test Fixture Description

The test fixture used to generate fatigue cracks in Sbecimen 5A-A is shown in
Figure G-1. This setup was identical to that used for Specimens 13-16
discussed above. Ultrasonic paths are shown in SK-013 (see Appendix H).

G.5.2 Test Results

G.5.2.1 Stress Computation

The stress at the notch bottom was generated using cyclic bending loads. The
test specimen was clamped on one side of the notch while the other side was
cycled up and down generating pure bending loads at the notch. Strain gages
were used to measure strain levels underneath the notch as described in Figure
SK-014 (see Appendix H). The strain level has to be measured a little lower
than the notch bottom due to the possible crack propagation and with
sufficient amplification to optimize the measurement accuracy. The strain
gages were therefore installed on the opposite side of the neutral axis and as
far away from it as possible to increase the measurement amplitude. The
measured strain levels were calibrated by handing known weights straight
underneath the load generating motor. The measured strain levels during the
experiment were then converted to an equivalent weight hanging with a known
lever arm from the notch to compute the bending moment acting at the notch

Two strain gages were installed in order to be able to verify the linear
stress distribution in the specimen section below the notch and on the
opposite side from the neutral axis. If the stress pattern is found to be
Tinear in that area, the stress can he computed at the notch bottom knowing
the bending moment, the cross-sectional moment of inertia, the distance from
the neutral axis to the notch bottom and the stress intensity factor for a
notched specimen.
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Figure G-1

Fatigue Test Fixture for Specimen 5A-A
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E.D.M.

Size

4 mm
6 mm

3 mmn

TABLE G-1 - ’

#13 EDM CALIBRATION SPECIMEN

(Probe

Reading)

Notch

Width

1.5
1.6
2.2
2.7
3.2

Root .
Reflection ¥
"Bounce - — Maximum “Tip-Root
Path Voltage Delay
Front-1~ 1.6 V -—
Front-1 5V 50us
Front-1 gy 1.50us
Front-1 8V 2.10)s
Front-1 8 V 2.90us
G-5
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Photo
#

—
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NDAWNOVONITNLAEWN—OWVONAANLWN=OWOVDINNLH WN —

TABLE G-6
Photo Log Specimens 13, 14, 15, and 16

45 Degree 5 Mhz Probe

Specimen Notch/ Bounce
# Crack # Path Description
13 imm EDM I Front-1i 1. Vv 0dB 10us
13 imm EDM I Front-| 1. Vv 0dB lus
13 imm EDM . I Front-1 .1V 0dB lus
13 imm EDM I1 2-Bounce .2V O0dB 10us
13 lmm EDM II 2-Bounce .2V 0dB fus
i3 fmm EDM II 2-Bounce 50 mV 0dB lus
13 Imm EDM IIT Back 2. V O0dB 10us
13 imm EDM II1 Back 2. V 0dB 1us
13 imm EDM III Back .5V 0dB fus
13 imm EDM IV  Back-tl .2V OdB 10us
13 tmm EDM IV Back-t .2V 0dB fus
13 imm EDM IV Back-1 50 mV 0dB lus
13 2mm EDM I Front-ti 2. V OdB 10us
13 2mm EDM I Front-1i 1. Vv OdB fus
13 2mm EDM I Front-ti .1V 0dB fus
13 2mm EDM II 2-Bounce .5V O0dB 10us
13 2mm EDM 11 2-Bounce .5V 0dB fus
13 2mm EDM I 2-Bounce 50 nV 0dB fus
13 2mm EDM III Back 5. V 0dB 10us
13 2mm. EDM IIT Back 5. V 0dB lus
13 2mm EDM III Back .5V OdB lus
13 2mm EDM IV Back-t 1. V O0dB 10us
13 2mm EDM IV Back-1 1. Vv 0dB lus
13 2mm EDM IV Back-1 .1V 0dB f1us
13 4mm EDM I Front-1i 5. V 0dB 10us
13 4mm EDM I Front-1 5. V OdB ' 1lus
13 4mm EDM I Front-1 .2V 0dB fus
13 4nm EDM II1 2-Bounce 2. V 0dB 10us
13 4mm EDM I1 2-Bounce 2. V OdB fus
i3 d4mm EDM II 2-Bounce 50.mV 0dB fus
13 4mm EDM III Back 5. V OdB 10us
13 4mm EDM IIT Back 5. V 0dB fus
13 4mm EDM II1 Back .5V 0dB lus
13 4mm EDM IV Back-l 2.V 0dB 1Ous
13 4mm EDM IV Back-t 2. V 0dB lus
13 4mm EDM IV Back-l .1V 0dB fus
13 émm EDM I Front-1 5. V O0dB 10us
13 emm EDM I Front-1 5. V 0dB tus
13 émm EDM I Front-t .1V . 0dB lus
13 -6mm EDM I1 2-Bounce 2. V OdB 10Qus
13 émm EDM II 2-«Bounce 2. V 0dB fus
13 émm EDM II 2=-Bounce 50.mV 0dB lus
13 emm EDM "IITI Back 5. V 0dB 10us
13 6mm EDM III Back 5. V 0dB tus
13 ~ 6mm EDM III Back 2. V 0dB fus

3-1

fip
tip
tip
tip
tip
tip
tip
tip

tip

tip

t]p
glp
tip
tip

tip

root

root

root

root

root

root

root

root

root

root

root

root

root

root

root

ARCTEC OFFSNORE CORPORATION

wnea

oy

st



Phbto Specimen
* #
46 13
47 13
48 13.
49 13
50 13
51 13
52 13
53 13
54 13
-55 13
56 13
57 13
58 13
59 13
60 13
61 14
62 14
63_ 14
64 14
65 14
66 14
67 14
68 14
69 14
70 14
71 14
72 14
73 14
74 14
75 14
76 14
77 14

TABLE G-6 (cont'd.)

Photo Log Speciments 13, 14, 15, and 16

Notch/

Crack #

EDM
EDM
EDM
EDM
EDM
EDM
EDM
EDM
EDM
EDM
EDM
EDM
EDM
EDM
EDM

emm
omm
emm
8mm
8mm
8mm
Smn
Smm
8mm
8mm
8mm
8mm
8mm
8mn
8Smm

14-1

14-1

14-1

14-1

14-1

14-1

14-1
14-1
14-1

14-1

45 Degrée 5 Mhz Probe

ARCTEC OFFSHORE CORPORATION

Bounce
Path Description
IIT Back-1 5. V Odb {OQus
IV Back-l 5. V 0d4B lus
IV Back-1 .1V 0dB- fus ¢tip & root’
I Front-l 5. V 0dB 10us
I Front-l 5. V 0dB lus
I Front-l .2V 0dB lus tip & root
I 2-Bounce 2. V OdB 10us
II 2-Bounce 2. V 0dB fus
IT 2-Bounce .1V 0dB dus tip & root
ITI Back 5. V. 0dB 10us
"II1 Back 5. V 0dB lus _
III Back .5V OdB lus tip & root
IV Back-1 5. Vv 0dB 10us ‘
IV Back-l 5. V 0dB fus
IV Back=-l .1V 0dB lus tip & root
I Clean bar at start, positions A - C
1. Vv 0dB 10us )
I Scribe, position ’C’ at start
: 1. Vv OdB 10us
I Scribe, position ’C’ at start
1. Vv 0dB’ lus
I After set-up and acid drop pos.’C’
1. V O0dB 10us
I After set-up and acid drop pos.’C’
' 1. V 0dB 1us
I Crack, position ’C’ 35.9 K-cycles
' ‘ 1. V 0dB 10us
1 Crack, position *C’ 35.9 K-cyc.
1.V 0dB fus
I Crack, position ’C’ 35.9 K-cyc.
5. V OdB 10us
N | Crack, position ’C’ 35.9 K-cvyc.
5. V 0dB lus
1 Crack, position ’C’ 35.9 K-cyc.
.5V 0dB fus tip & root.
1 Crack, position ’A’ 35.9 K-cyc.
5. V 0dB = 1us
I Crack, position ’B’ 35.9 K-cyc.
: 5. V 0dB lus
I Crack, position ’D’ 35.9 K-cyc.
5. V 0dB fus
-1 End of crack, position ’E’ 35.9 K-cyc.
: 5. V 0dB lus -
I. At start, positions ’A~E’ (same)
. 1. Vv OdB 10us
I At start, position ’C’
.2V 0dB lus
I Crack, position ’E’ 22.65 K-cyc.
1. Vv 0dB 10us
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TABLE G-6 (cont'd.)

Photo Log Speciments 13, 14, 15, and 16

Photo Specimen Notch/

#*
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
‘100
10t

102

#

14

14

14

14

14

14

14

14.

14

14

14

14

14

15

15

15
15
15
15
15
15
15
15
15

15

Crack #
14-2
14-2
14-2

14-2

14-2

14-3

14-3

14-3
14-3
14-3
14-3
15-1.
15-1
15-1
15-1

15-1

15-2
15-2

15-2

L 15-2

15-3
15-3

15-3

45 Degree 5 Mhszrobe

Bounce
Path Description
I Crack, position ’E’ 22.65 K-cyc.
1. Vv 0dB fus
I Crack, position ’E’ 22.65 K-cyc.
.1V 0dB fus tip & root
I Crack, position ’D’ 22.65 K-cyc.
1. Vv 0dB 10us
I Crack, position ’D’ 22.65 K-cyc.
- 1. Vv 0d4B lus
I Crack, position ’D’ 22.65 K=-cyc.
.1V OdB fus
I Scribe at start, position ’C’
.2V 0dB 10us
1 Scribe at start, position ’C’
.2V 0dB fus
I Crack, position ’C’ 23.4 K-cyc.
1. V 0dB 10us
I Crack, position ’C’ 23.4 K-cyc.
1. V 0dB fus
I Crack, position ’C’ 23.4 K-cyc.
.2V 0dB lus tip & root
I Crack, back center, 23.4 K-cyc.
2. V 0dB 10us '
I Crack, back center, 23.4 K-cyc.
2.V 0dB lus
I Crack, back center, 23.4 K-cyc.
.5V 0dB lus tip & root
I Crack, position ’C’ 73.4 K-cyc.
2.V O0dB 10Ous
I Crack, position ’C’ 73.4 K-cyc.
2. V 0dB lus
I Crack, position ’C’ 73.4 K-cyc.
1. Vv 0dB 10us
I Crack, position ’C’ 73.4 K-coyc.
1. V 0dB lus
I Crack, position ’C’ 73.4 K-cyec.
1. V 0dB fus tip & root
I Crack=starting, position ’C’ 13.1 K-cyc.
, .5V OdB 10us )
I Crack, position ’C’ 28.5 K-cyc.
2. V 0dB 10us
I Crack, position ’C’ 28.5 K-cyc.
2. V 0dB fus
I © Crack, position ’"C’ 28.5 K-cyc.
. .2V 0dB lus tip & root
1 Scribe at start, position ’C?
' .2V 0dB 10us
I Crack-starting, position ’C’ 12.6 K-cyc.
1. VvV 0dB 10us .
1 ~ Crack, position ’C’” 26.9 K-cyc.

5. V 0dB 10us
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TABLE G-6 (cont'd.)

Photo Log Speciments 13, 14, 15, and 16

45 Degree 5 Mhz Probe

Photo Specimen Notch/ " Bounce ’
# # - Crack # Path _ Description

103 15 15-3 : I Crack, position ’C’ 26.9 K-cyc.
5. V 0dB lus
104 15 15-3 I Crack, position ’C’ 26.9 K=-cyc.
.2V 0dB flus tip & root
105 15 15-4 _ Scribe at start, position ‘C’
.2V OdB 10us
106 15 15-4 Crack, position °C’ 34.8 K-cyc.
' ' 5. V 0dB 10us:
107 15 15-4 . Crack, position ’C’ 34.8 K-cyc.
: - . 5.V 0dB fus
108 15 15-4 Crack, position ’C’ 34.8 K-cyc.
. : .2V 04B lus tip & root
109 16 16-2 Crack, position ’C’ 31.8 K-cyc.
: : 2. V OdB '10us
110 16 16-2 Crack, position ’C’ 31.8 K-cye.
‘ 2. V 0aB fus
111 16 16-2 ' Crack, position ’C’ 31.8 K-cyc.
: ' .2V 0OdB . 1us tip & root
112 16 - 16-3 Scribe at start, position ’C°’
: , .2V 0dB 10us
113 16 16-3 Crack, position ’C’ 30.1 K-cyc.
- 5. V OdB 10us
114 16 16-3 Crack, position ’°C’ 30.1 K-cye.
, 5. V 0dB lus
115 16 16-3 Crack, position ’C’ 30.1 K-cyc.
' . .2V 0dB lus tip & root
16 16-4 Scribe at start, position ’°C’
.2V 0dB 10us
16 16-4 Crack, position ’°C’ 31.25, K~-cye.
B 2.V OdB 10us
16 16-4 Crack, position ’C’ 31.25 K-cyc.
' 2. V 0dB lus
16 16-4 Crack, position ’C” 31.25 K-cyc.
.1V 04aB lus tip & root
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The measured strain levels were re-calibrated each time the specimen was taken
out of its mount for ultra-sonic inspection. This was performed a total of
nine times over the experiment. The strain level difference between the two
locations and the known distance between strin-gage centerlines provide the
estimated strain distribution slope in the material. The strain distribution
slope was also computed during the actual cycling tests. Assuming that the
stress distribution is linear below the neutral axis, the neutral axis
Tocation computation, using the static and dynamic strain distribution
estimates, indicates that the neutral axis is located exactly midway between
the specimen's lower edge and the notch bottom. The stress distribution can
therefore be assumed to be linear on the specimen lower side, within the
accuracy of the strain level measurement, and the stress level at the notch
bottom before crack initiation can be computed.

The theoretical stress intensity factor due to this particular notch geometry
is equal to 3.46 in the case of pure bending loads. The notch bottom stress
level is therefore being computed using the equivalent weight strain level

-Mmeasurgment with a 32.25 inches lever arm, a moment of inertia equal to 1.37

inches” and a distance to the neutral axis of 0.7 inch. The stresses given in
the test result tables (Table G-7) are computed as described above and do not
include the stress intensity factor due to the crack initiation and
propagation. .

Strain gages were only installed on one side assuming that the stress
distribution across the specimen would be close to uniform because of its
width and thickness. This assumption appeared not to be true because of the
clamping mechanism procedure. The specimen was being clamped along its sides
and a high torque was applied to the clamping bolts to avoid any possible play
and movement during testing. Although the clamping beams were welded together
and reinforced at the notch, the stress Tevel on the sides was much higher
than in the center. This was confirmed by the wear marks on the specimen side
surfaces and the crack propagation data. Two large cracks were generated on
the edges while the crack initiation scribed in the center remained the same
as longa as the same test setup was maintained. Two large cracks were
therefore generated in the edges first before the test setup was modified to
increase the stress in the center., This was done by slightly raising the
clamp level in the speciment center. The crack growth estimation data has
therefore to be divided into two distinctive sections, before and after the
clamping setup modification. A crack growth analysis can be performed for the
right edge crack during the first test setup and the analysis can be performed
for the center crack during the second test setup. In the case of the center
crack, it will be assumed that the stress measurements on the specimen are
valid for the center crack stress intensity factor computation within the
accurach of the stress measurement and its intensity factor analysis
assumptions. '

G.5.2.2 Crack Size Estimation

Specimen 13 was used to calibrate the ultra-sonic echo due to a crack using
EDM notches of a known depth. Four different scanning paths were used

individually defined by their path length and number of reflections off the
speciment steel-air interface. Specimen 13 was one inch thick and the

different path lengths were as follows:

G-14
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- Top, one bounce, 45 deg, 5 Mhz: 71.83 mm

- Top, two bounces, 45 deg) 5 Mhz: 143,77 mm
- Bottom, no bounce, 45 deg, 5 Mhz: 35,92 mm .
- Bottom, one bounce, 45 deg, 5 Mhz: 107.75 mm

In the case of the 5A-A specimen, the scanning path lengths were as follows:

- Top, one bounce, 45 deg, 5 Mhz: 147 .57 mm
- Top, one bounce, 60 deg, 5 Mhz: - 179.07 mm
- Bottom, no bounce, 0 deg, 5 Mhz: 35.56 mm
- Bottom, no bounce, 45 deg, 5 Mhz: 50.29 mm

There is therefore, no calibration data which applies directly to the specimen
5A-A scanning procedures as far as number of bounces and path length. The
number of reflections and path length influence the return echo attenuation
and the measured crack signal strength can therefore, not be used for crack
size estimation. However, the "time of flight" between crack tip and root can
be used for identical incident angles between the calibration specient and
speciment 5A-A, Because of the clamp1ng setup, it was not possible to measure
a crack top to root signal delay in the case of the top 45 degree scan. The
clamping fixture layout made it impossible to approach the crack sufficiently
on the top flat surface area in order to be able to measure a clear tip to
root signal delay.

The only rema1n1ng method to. accurately estimate the crack depth was using the
zero degree scanning method and assume a longitudinal velocity of ultrasound
in this specific steel equal to 5900 m/sec., The crack estimate computation
will therefore only be rigorously possible when a type VII scan was

performed. The crack tip to root time delay represents the necessary time for
the ultrasonic wave to travel twice the crack depth distance at 5900 m/sec.
The longitudinal ultrasonic velocity in the test specimen steel could not be
verified because all calibration procedures were performed with the transducer
at an angle and therefore generating shear waves with a different velocity.

G.6 Results

Table G-7 gives the results for the fatigue tests on speciheh SA-A. Results
are tabulated for each. transverse location of the sensor. '

Table G-8 includes a log of all the UT photos.
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TABLE G-7A

SFECIMEN Sa-4

EXTREME RIGHT LOCATIOM

REAM
FaTH

ECHO
AMFLITUDE
LYOLTSE]

TIF 2 ROAT

TEST RESULTS

TIME LAG
Cuisll

CHANGED FOR (VNTFF STRESS FOINT
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TABLE G-78

SFECIMEN 35SA-A TEST RESULTS
1" FROM EXTREME LEFT LOCATIOM

NOTCH BOTTOM ECHO TIF % ROOQT ESTIMATED
¥—-CYCLES STRESS LEVEL BEAM AMPLITUDE TIME LAG SIZE FHOTO
TATAL INCREMENT (MFal LvaoLTsa lusl

402. 5
TeIL7

195. 2

105.8

106,84

111.0

116.0

121.0

126.0

127.0

157.0

158.0

1:a38.0

189.0 ' 406.2
229.3 A 280.5

249X 20.0 I33.2

' G-17
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TABLE G-7C -

SFECIMEN SA-A TEST RESULTS
CENTER LOCATION

NOTCH BOTTOM ECHO

TIP % ROOT ESTIMATED
b--CYCLES STRESS LEVEL BEAM AMPLITUDE TIME LAG S1ZE CFHOTO
TOTAL INCREMENT {MFal PATH CvoLTS] Cus] Cmmd #
12,16 12,16 541.5 v 2.0 - - 12
14.21 2.0% 4n~.q VIt - N/ - o1
noow - - Y Z.0 - - 27
15.21 1.0 753, 7 - - - - -
5.0 T2.79 195.2 - - - - -
55,6 .? 729.9. Y 2.8 - - a4
"o - - VIl - - - 49
CLAMP CHANGED FOR CENTER STRESS FPOINT
86,0 TO.1 198.7 v 2. - - 64
@r.0 1.0 a415.7 VIl .25 .74 72
°5.8 8.8 197, Y/ 3.0 - - 79
105.8 10,0 197. - - - -~
106,84 1.04 445, 4 VIl - it a8 22
111.0 q4.16 192.1 - - - - -
116.0 .0 280.5 - - - - -
121.0 5.0 192.1 Y : 4.0 - - : Q7
126.0 5.0 192.1 VII - .3 .38 103
127.0 1.0 gs.7 - - - - -
157.0 TO.0 280.5 - - - - -
158. 0 1.0 x9sS.2 Vit - .45 1.37 106
188, 0 0.0 280.5 - - - - -
189.0 1.0 406, 2 - - : - - -
2293 40,7 280.5 - - - - -
ol L 2000 ZIT.2 Y 4.0 - - 109
v - - VIl - .89 .5 115

G-18
ARCTEC OFFSHORE CORPORATION




k-CYCLES

TOTAL

1357.0
188.0
138.0
189.0
229.3
249.3

INCREMENT

12.16

” "=
PR b

10,0
1.0
8.8

10.0
1.04
4.16
5.0
.0
5.0
1.0

I0.0
1.0

I0.0
1.0

40,7

20.0

TABLE G-7D

ZFECIMEN SA-A TEST RESULTS
1" FROM EXTREME RIGHT LOCATIOM

MOTCH BEOTTOM
BTRESS LEVEL

ECHQO
BEAM
FATH

AMFLITUDE TIME LAG
(VOLTS]

402.5

2337

195.2
I29.9
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TABLE G-7E

SFECIMEN SA-a TEST RESULTS
EXTREME RIGHT LOCATION

NOTCH ROTTOM ECHO TIF % 00T ESTIMATED
K-CYCLES BTRESS LEVEL EEAM AMFLITUDE TIME LAG BIZE FHOTO
THTAL INCFEMFNT LMF&l FAaTH COLTSE) Lusl [Lmm] &

12.16 12,16 541.5 - - : - - -

14.21 2.08 402, Y11 - .7 2065 9
LS. 1.0 TSELT - - - - -
5.0 Z9.99 19S.2 - - - - -
55.9 .9 320, 9 VI - 1.6 .72 A

CLAMF CHANGED FOR CENTER STRESS FOINT

LHJ.: 19.8 197.8 - - - -
106,834 1.04 445, 4 Y1l - 1.4 4,17 9T
111.0 4,61 192, - - - - -

116.0 S, 0 T80.5 ~ - - - -
128, 0 10.0 192, 1 WIT - . 1.7 =01 10
127 0 1.0 - otz - ~ - S - -
157 IO O 280,58 - - - .- -
He.m 1.0 95,2 VIl - 1.5 3,42 1G7
188. 0 IO L0 280.5 - - - - -
189.0 1.0 406, 2 - - - : - -
mae T 10,7 230,59 - - - - -
249, 7 20,0 TITLD VIl - 1.7 =01 117

TR Y
’
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TABLE G-8

Photo Log Specimen 5A-A

Bean Probe ‘
Photo # Path degree / MHz Description

120 .V 45 / 5 Scan L - R before and after scribe
' ' 5. V 10Ous OdB

121 ' 45 / S Scan L - R before and after scribe
5. V 1lus 0dB
122 VI 60 / 2.25 Scan L - R before scribe .2V 20us 6dB
123 Vi 60 / 2.25 Scan L - R before scribe .2V 2us 6dB
124 VI 60 / 5 Scan L - R before scribe .2V 20us 6dB
125 VI 60 / 5 Scan L - R before scribe .2V 2us 6dB
126 VI 60 / 2.25 Scribe at start .2V 2us 64dB
127 VI 60 / 5 ' Scribe at start ' .2V 2us 64B
128 VI 60 / S 12.16 K-cyc. center .2V 2us 6dB
129 VI 60 / 5 12.16 K-cyc. left side .2V 2us 6dB
130 VI 60 / 5 12.16 K-cyc. right side .2V 2us 6dB
131 VI 60 / 2.25 12.16 K=cyc. center .2V 20us 6d4dB
132 , VI 60 / 2.25 12.16 K-cyc. center " .2V 2us 6dB
133 VI 60 / 2.25 12.16 K-cyc. right side .2V 2us 6dB
134 VI 60 / 2.25 12.16 K=cyc. left side .2V 2us 6dB
135 v 45 / 5 12.16 K-cyc. center 5. V 1Ous 0dB
136 v 45 / S 12.16 K~cyc. center 5. V lus 0OdB
137 v 45 / 5 12.16 X-cyc. right side 5. V 1us 0dB
138 -V 45 / 5 12.16 - left side 5. V 1us 0dB
139. VI 60 / 2.25 " 14.21 K-cyc. center .2V  2us 6dB
140 VI ~ 60 / 2.25 - " left side .2V 2us 6dB
141 Vi 60 / 2.25 " " right side .2V 2us 6dB
142 VI 60 / 5 - - center .2V  2us 6dB
143 VI 60 /7 5 " . " left side .2V  2us 6dB
144 VI 60 / 5 - - right side .2V 2us 6dB
145 v 45 / 5 ® b right side 5. V 1us 04B
146 v 45 / 5 - " left side 5. V tus 0dB
147 v 45 / S " " center 5. V- tus 0dB
148 VII 0/ 5 " ° center .5V .5us 20d4B
149 VII 0/ 5 " " extreme left .2V .5us 0dB
150 - VID 0/5 " ° extreme right .2V .S5us OdB
151 v 45 / 5 14.21 K~-cyc. Maximum third signal, at
center 5.V tus 0OdB
152 ) 45 / 5 - " 1/8 inch away from nax.,
at center 5. V 1lus 04dB
153 v 45 / S - - 1/4 inch away from nmax.,
' at center 5. V lus 0dB

154 VIII 45 / 5 “ - back-center at maxzimunm
v : amplitude 5. V 1us 0d4B
155 VIII 45 / 5 . . back-center, moving away
‘ from crack S. V 1lus 0dB
156 VIII 45 / 5 14.21 K-cyc. back=-center, moving away
. from crack 5. V lus 0dB

157 VIII 45 / 5 . . Maximum third signal,
from back far-left 5. V tus 0dB
158 VIII .45 / 5 14.21 K-cyc. 1/8 inch away from max.,

from back far-left 5. V 1lus OdB
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Photo #
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Beam

Path degree / MHz
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TABLE G-8 (cont'd.)

Photo Log Specimen 5A-A

Probe
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Description

14.21 K-cyc.
from back far-left

1/4 inch away from max.,

14.21 K-cyc. 3/8 inch away from max.,

from back far-left
14.21 K=cyc.

from back far-left
17.21 K-cyc. center

" . right side
25.21 K-cyc. center
® * center
35.21 K-cyc. center

" - left side
- . ‘center
55.9 K-cyc. center

- right side
" extreme right
center
extreme left

left.
55.9 K-cyc.
left.

one inch away from max.,

5. V tus 0OdB
5. V. lus OdB
5. V 1lus 0O4B
.2V 2us 6dB
.2V 2us 6dB
5. V 1lus 6dB
5. V tus O4B
.2V 2us 6dB
.2V  2us 64B
.2V  2us 6dB
5. V. 1lus O0dB
.2V .5us 20d4B
.2V .5us 20dB
.2V .5us 20dB
.2V .S5us 204B

3/4 inch from extreme-

.2V .S5us 20dB

one inch from extreme-

.2V .5us 20dB

left side from back

5. V 2us 204B

left side from back

5. V lus 20dB

" * right side from back
: 5. V tus 0dB

“ - " right side from back
moving away 5. V lus O0dB

55.9 K-cyc. center from back

5. V tus O0dB
71.0 K-cyc. one inch right of center
o 5. V tus 0dB
- - 1/2 inch right of center
5. V fus 0dB
76.0 K-cyc. center 5. V lus O0dB
® - right side 5. V 1us 0d4B
" - left side 5. V ilus 0dB
" " left side .2V 2us 6dB
* * center .2V 2us 6dB
" - right side .2V 2us 6dB
86.0 K-cyc. center .2V 2us 6dB
" " right side .2V 2us 6dB
- . left side .2V 2us 6dB
" . center 5. V lus OdB
- - left side 5. V lus OdB
® . right side 5. V tus OdB
87.0 K~cyc. center .2V .5us 20dB

" " 1/4° right of center

extreme left

.2V .5us 20dB
.2V .5us 20dB
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TABLE G-8 (cont'd.)

Photo Log Specimen 5A-A

87.0 K-cyc. 1/2° right of center
5. V 1lus 0dB
95.8 K-cyc. center 5. V. 1us 0A4B
- * left side 5. V tus OdB
" " right side 5. V 1us 0dB
95.8 K-cyc. center .2V 2us 6dB
" " left side .2V 2us 6dB
® ® right side .2V 2us 6dB
105.8 K-cyc. center 5. V 1us 0d4B
" " left side 5. V 1ius 0dB
® - right side 5. V 1us 0dB
105.8 K-cyc. center .2V 2us 6d4dB
° * left side .2V 2us 6dB
® * right side .2V 2us 6dB
106.84 K-cyc. extreme left .2V .5us 20dB
* " 1 from extreme left
' .2V .5us 204B
. center <2V .5us 204B
- ® 1* from extreme right
.2V .5us 20dB
* - extreme right .2V .5us 20d4B
116.0 K-cyc. center 5. V 1us 0OdB
121.0 K-cyc. center 5. V 1us 0dB
- . left side 5. V 1us OdB
® - right side 5. V 1lus 6dB
121.0 Keyc. center .2V  2us 6dB
" " left side .2V 2us 6dB
. ®  right side .2V 2us 6dB
126.0 K-cyc. center .2V .5us 20dB
- " extreme left .2V .5us 20d4B
* " extreme right .2V .5us 20dB
158.0 K-cyc. center .2V .5us 20dB
- ® extreme right .2V .5us 204B
- ® extreme left .2V .Sus 20dB
249.3 K-cyc. center 5. V tus O0dB
- left side 5. V lus 0dB
" " right side 5. V tus 0dB
" " extreme left .2V .5us 20dB

ARCTEC OFF SH%-R%E}COHNM TION

extreme right

A

'Descriptlon

1" from extrenme

left

.2V .5us 20dB
1* from extreme right
.2V .5us 20dB

l.

.2V .5us 20dB

from extreme left

center
center
l.

extreme right

.2V .5us 204B
.2V .5us 20dB
.2V .5us 20dB

from extreme right

.2V .5us 20d4B
.2V .5us 204B
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APPENDIX H

Drawings of Test
Specimens and Fixtures

ARCTEC OFFSHORE CORPORA ﬂOﬂ
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Steel Specifications
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ISPECIFICATIONS SPECIMENS 7 & 8

Procurable material designation: 4340 steel (SAE or AISI)

Composition Limits (%) of 4340

Carbon 0.38-0.43
Manganese ' 0.60-0.80
Silicon 0.20-0.35
Nickel 1.65-2.00
Chromium 0.70-0.90
Molybdenum 0.20-0.30
Phosphorus 0.040 max.
Sulphur 0.040 max.

Properties of 4340 utilized in this application.
vHardenability band at 1.25 inches from quench: 46-57 Rockwell C
Normalizing Temperature: 1600°F

Austinitizing Temperature: 1550°F

Fabrication Requirements:

Overall dimensions of the coupon shall be torch cut from
2.5" TK plate followed by stress relief.

Machining to tolerances per print.
After machining, heat treatment shall require a minimum as

quenched hardness of 50 Rc tempered to a maximum hardness. of 30
‘Rc and a minimum of 90% martensitic structure.

B

COUPON(bw) 6/28/85



APPENDIX A

HEAT TREAT SPECIFICATION FOR 2 1/4 Cr - 1 Mo STEEL

A1l temperatures shall be monitored using a thermocouple
attached to the specimen. '

Austenitize at 1650-1800° F. (max) for at least 1 hour for each .
1" of wall thickness,

. Water quench,

Temper at 1200° + 25° F. for at least 1 hour for each 1" of wall
thickness.

Air Cool.

OFFSHORE TECHNOLOGY CORPORATION -




APPENDIX B

MATERIAL SPECIFICATIONS

OFFSHORE TECIINOLOGY CORPORATION.
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