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Abstract

One of the key issues in in-service inspection qualification is the representativeness of the defects used in qualification
specimens. The best representativeness is achieved with realistic defects. However, present specimen production techniques
have some significant weaknesses, such as unrealistic defects or additional alterations induced in the surrounding material.
Specimens manufactured, for example, by weld implantation or with weld solidification defects always result in one or more
extra weld interfaces. These interfaces can be detected by NDT. To overcome problems with the current specimens, a new
defect manufacturing technique was developed. The new technique produces natural, representative defects without introducing
additional weld metal or other unwanted alterations to the specimen.

The new method enables artificial production of single, separate fatigue cracks by thermal loading. The method is based on a
natural thermal fatigue damage mechanism and enables production of real cracks directly into the samples. Cracks are produced
without welding or machining and without any preliminary surface treatment or artificial initiator such as a notch or a precrack.
Single crack or a network of cracks can be induced into the base material, welded areas, HAZ, weld claddings, threaded areas,
T-joints, etc. The location, orientation and size of produced cracks can be accurately controlled. Produced cracks can be used to
simulate different types of service-induced cracks such as thermal fatigue, mechanical fatigue and stress corrosion cracks. It is
shown that artificially produced thermal fatigue cracks correspond well with the real, service-induced cracks and overcome the
problems of traditional qualification specimen manufacturing techniques.
© 2003 Elsevier Science B.V. All rights reserved.

1. Introduction

Thermal fatigue, that is, material degradation due

to successive temperature changes, is one of the
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A typical component, where thermal fatigue cracking induced flaws and to understand how they affect the
occurs, is a T-joint where hot and cold fluids meet ultrasonic response obtained during inspection.
and mix. The turbulent mixing of fluids with different The most effective in-service inspection qualifica-
temperatures induces rapid temperature changes to thdion is achieved with qualification specimens, which
pipe wall. The resulting uneven temperature distribu- are as representative as possible of all service con-
tion prevents thermal expansion and gives rise to ther- ditions. In order to have similar physical reflector to
mal stresses. The successive thermal transients caus¢hat of service-induced crack, it is commonly under-
varying, cyclic thermal stresses. These cyclic ther- stood that real or realistic cracks must be used in the
mal stresses cause fatigue crack initiation and growth in-service inspection qualification mock-ups. Prob-
similar to cyclic mechanical stressesvirkkunen, lems with the artificial defect incorporation methods
2001. have, so far, restricted the use of realistic cracks in
Cracks occur in nuclear power plant components in qualification mock-ups. The developed method that is
different locations such as in straight pipe sections, described in this paper allows controlled production
valve bodies, pipe elbows, collector head screw holes, of realistic cracks that have NDE responses similar to
etc., as well as in base material and in weld joints service-induced cracks.
(ASME, 1990Q. Crack growth direction depends on the In this paper, the performance of the new method
component and the location, based on the local shapefor producing artificial flaws with thermal fatigue is
effect and the loading conditions. Pipe cracks can grow demonstrated and validated using the results of de-
both axially and circumferentially, in weld joints both  structive and non-destructive tests. Destructive tests re-
parallel to the weld in the heat-affected zone (HAZ) vealtypical metallographic characteristics of produced
and transverse to the weld, in threads both vertically cracks. Metallographic results are compared to corre-
and horizontally. sponding service-induced cracks documented in the
Thermal stresses are typically equi-biaxial and open literature. Non-destructive results are compared
they are highest at the loaded surface. The loading to corresponding results from EDM-notches and real,
is strain controlled and very high local stresses can service-induced cracks. The feasibility of the method
arise. If the stresses locally exceed the yield strength is demonstrated by three different cases where artifi-
of the material, thermally induced residual stresses cial defects have been produced in real components.
arise Yirkkunen et al., 2000 Due to the high sur-
face stresses, the thermal fatigue cracks often form
a mosaic-like crack pattern of shallow cracks. There 2. Experimental
have been several incidents showing that some of the
shallow cracks extend deeper into the material and Different test samples were produced in order to
can grow through the wall thicknes&$ME, 1990; verify the new crack production method. Samples were
Hénninen and Hakala, 1981 studied both non-destructively and destructively. Ther-
During the in-service inspections thermal fatigue mal fatigue loading was applied with high frequency
cracks create a challenge for ultrasonic inspection, induction heating and water or air cooling in order to
both for detection and sizing. The difficulty of the in- achieve high heating and cooling rates. Controlled ini-
spection is caused by the characteristics of the cracks,tiation and growth of cracks were followed by replica
which cause the ultrasonic energy to diffuse, attenu- assisted light optical microscopy. Ultrasonic examina-
ate, scatter, diffract, etcBécker et al., 1981 Typical tions were performed to determine the non-destructive
characteristics affecting the ultrasonic inspection are response of the cracks produced. Destructive testing
crack opening Yoneyama et al., 20Q0fracture sur- and scanning electron microscopy were carried out
face roughnessdgilvy, 1989, branching YVirdelius to study the microstructural propagation and fracture
and Osterberg, 2000 residual stresslifla et al., surface morphology. Ultrasonic response as well as
1988, plastic zone $aka and Fukuda, 199letc. metallographic properties of artificial cracks were
Each of these factors affects the performance of ul- compared to properties of real, service-induced cracks.
trasonic testing. Therefore, it is crucial to identify the The manufacturing process employed does not re-
key characteristics of service-induced and artificially quire any crack starter or artificial initiator and it is
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Fig. 1. Two surface breaking thermal fatigue cracks: (a) surface length approximately 8 mm (30,021 thermal fatigue cycles) and (b) surface
length approximately 20 mm (166,971 thermal fatigue cycles) in AISI 304 type austenitic stainless steel plate.

applied to the actual surface of a component. Con- granular crack propagation can be seen. The propaga-
sequently, the process does not leave any unwantedtion is different for each crack because these cracks
alterations to the material, which may be detected in were produced with different thermal fatigue parame-
ultrasonic or eddy current examination. ters. The cracks show minor branching, they are nar-

Crack properties affecting the non-destructive ex- row and the crack tip radii are small.
amination include among others: location and ori- The crack depth is controlled cycle-by-cycle as
entation, microstructural propagation, branching, the produced crack depth depends on the magnitude
crack opening/closure and surface roughneRg (  of the applied thermal cycle and the total number
of the crack and the shape of the crack tip. These of cycles. Artificially produced cracks have rough
parameters affect both detection and sizing of fracture surfaces where the per-cycle crack extension
service-induced cracks. After characterising the prop-
erties of artificially produced thermal fatigue cracks
they were compared to corresponding properties of @ (b)
real, service-induced thermal fatigue cracks.

The new defect production method utilises the same,
natural thermal fatigue damage mechanism, which is
also present in real components. The method enables
controlled defect production in similar locations and
directions as those where real cracks occur. For the
artificial crack production, there are no limitations for
component shape or size, or for crack orientation or
location. p

I mm
I mm

2.1. Microscopy

In austenitic stainless steels thermal fatigue cracks
initiate from slip bands. From the multitude of initial L=
microcracks one single crack can be grown by con- '
trolled thermal loading. Ifrig. 1there are two exam- -
ples of artificially produced surface breaking cracks.
Cracks follow the crystallographic path through the
microstructure. The crack path is tortuous, but the . " . L

. cracks in AISI 304 type austenitic stainless steel with different

macroscopic surface crack grovvth follows the prede- fracture surface roughness resulting from different production pa-

termined direction. InFig. 2 cross-sections of tWO  rameters. Cracks after (a) 30,000 thermal fatigue cycles and (b)
different cracks are shown, where tortuous and trans- 2770 thermal fatigue cycles.

Fig. 2. Cross-sections of two artificially produced thermal fatigue
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20 um (b) 2 mm

Fig. 3. Artificially produced thermal fatigue crack (a) has fatigue striations on the fracture surface and (b) follows elliptical shape in its
growth (82% of the wall thickness penetrating crack). White arrows show crack growth directions. Material is AISI 304 type austenitic
stainless steel.

can be followed from the fatigue striations. Each As shown inFig. 4, both cracks are narrow, propa-
striation represents an incremental advance of the gate transgranularly in the microstructure and show
crack front during one load cycle. The magnitude of minor branching. The real, service-induced crack has
the increment, that is, striation spacing, depends on the larger opening or width near the surface and it is
the stress/strain range. Typically the striation spacing tight in the vicinity of the crack tip. The typical crack
varies in different areas of the crack. In a small crack surface width of a service-induced thermal fatigue
the spacing is small, but it increases as the crack getscrack in austenitic stainless steels varies between 5
bigger. The crack growth follows an elliptical shape,
which in the limit approaches a circular configura-
tion. Typical fracture surface and shape of a big crack
are shown inFig. 3. The white arrows in the picture
show the crack growth direction. IRig. 3b half of

the fracture surface of an 82% through wall thickness
(7 mm deep) crack is shown. The initiation surface,
that is, pipe inner surface, is in the upper part of the
figure and the outer surface of the sample pipe is
shown in the lower part of the figure.

2.2. Metallographic comparison of artificially
produced and service-induced thermal fatigue cracks

The non-destructive response reveals the micro-
structural characteristics of the service-induced crack.
In order to have similar non-destructive response,
artificially produced cracks should simulate the mi-
crostructural properties of service-induced cracks. In @
Fig. 4, a service-induced and an artificially produced
thermal fatigue crack are presented side by side. Fig. 4. Comparison of cross-sections of (a) a service-induced

The macroscopic propagation O_f re_al _and artificially - (Hanninen and Hakala, 1983and (b) an artificially produced
produced thermal fatigue cracks is similarly tortuous. thermal fatigue crack (6500 thermal fatigue cycles).

1000 um
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(b)

10pm 0pm

10 pm

Fig. 5. Comparison of crack tips of (a) a service-inducedle and Ekstrom, 1995and (b) three artificially produced thermal fatigue
cracks (after 30,000 thermal fatigue cycles).

and 38Qum, at one half the through wall depth of including the condition of the residual stress along the
the crack between 2 and 1@n and at the crack tip  fracture surface. Fracture surface of a service-induced
between 1 and 1§&m (Wale and Ekstrom, 1995 thermal fatigue crack is rough. Typical surface
The opening of a crack is affected by many factors roughness K;) values in austenitic stainless steels

Fig. 6. Comparison of fracture surfaces of (a) a service-induBeddn and Roussel, 19p&nd (b) an artificially produced thermal fatigue
crack.
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vary between 6 and 140m (Wale and Ekstrom,
1995.

In Fig. 4 the artificially produced thermal fatigue
crack has a similar opening behaviour to that of the
service-induced crack. The approximate width of the
artificially produced thermal fatigue crack is {£fn at
surface, in the middle-section 40n and at the crack
tip 2m. Typical values of surface roughned®; X
for artificially produced thermal fatigue crack varies
between 35 and 13bm. Surface roughness was cal-
culated digitally from cross-sectional images. The

M. Kemppainen et al./Nuclear Engineering and Design 224 (2003) 105-117

2.3. Non-destructive testing

Artificially produced thermal fatigue cracks in
austenitic stainless steel pipe base material and
austenitic stainless steel strip welded cladding were
characterised by ultrasonic and eddy current meth-
ods. The objective of ultrasonic measurements was to
study the detectability of artificially produced thermal
fatigue cracks and to characterise the cracks from
the ultrasonic signal point of view. Characterisation
included studying the ultrasonic signal obtained from

difference of height between ten highest peaks and crack corner reflection effect, fracture surface and
ten lowest valleys on the fracture surface were mea- crack tip. Additionally, the variation of ultrasonic
sured for each image and the average of measuremensignal from different areas of the crack was studied.

results was reported &% .

The objective of using the eddy current method was

The tortuous crack path has formed when the crack to study the detectability and sizing capability in
propagation direction changes crystallographically at austenitic stainless steel cladding.

grain boundaries in the microstructufég. 5shows a
comparison of crack tips of service-induced and arti-
ficially produced thermal fatigue cracks.

The crack tip of a service-induced thermal fatigue
crack has typically a very small radius and crack

2.3.1. Base material

Two cracks were produced (one in axial and the
other in circumferential directions) in austenitic stain-
less steel pipe base materi#did. 17). The diameter

surfaces near the tip are close to each other, which isof the pipe was about 360 mm and wall thickness

shown inFig. 5. The tip of artificially produced ther-
mal fatigue cracks is similarly tight and has a very
small radius. Fatigue crack growth can be followed
from the fracture surface from fatigue striations. In
Fig. 6, a comparison of striations on fracture surfaces
of a service-induced and an atrtificially produced
thermal fatigue crack is shown.

28 mm. Both cracks were placed in the inner surface
of the pipe. The surface length of the circumferential
crack was 20mm and depth approximately 6 mm.
The length of the axial crack was 20.5 mm and depth
approximately 3 mm.

Cracks in the base material were characterised
ultrasonically with longitudinal, transverse and sec-

Striations on the fracture surfaces of service-induced ondary creeping waves. Two techniques with longitu-

and artificially produced thermal fatigue cracks are
similarly visible, as shown inFig. 6. The cycle-

dinal waves, OL (longitudinal) 5 MHz single element
probe and ADEPT6Q. 3 MHz dual element special

dependent incremental crack growth makes it possible probe, were used. With transverse waves two differ-

to control the artificial crack production accurately.
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Fig. 8. Ultrasonic A-scan from an artificially produced circum-
ferential thermal fatigue crack obtained with°Z5probe (MWK
45-2).
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Fig. 9. Ultrasonic corner echo dynamics from an artificially pro-
duced circumferential thermal fatigue crack obtained with sec-
ondary creeping wave probe (WSY 70-2).

70-2E) and 2MHz mode conversion probes (WSY
70-2) were used. The inspection results obtained us-
ing these different probes from artificially produced
circumferential crack are shown Figs. 7-10

In the austenitic stainless steel base material the tip
of circumferential crack was detected with both types
of ultrasonic longitudinal wave probes as shown in

150

100

Crack tip

A

Fig. 10. Ultrasonic A-scan from an artificially produced circumfer-
ential thermal fatigue crack obtained with mode conversion probe
(ADEPT60OL).
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Fig. 11. Eddy current signal from (a) an artificially produced
thermal fatigue crack in austenitic stainless steel strip welded
cladding and (b) three EDM-notches (depths 2.0, 1.0 and 0.5 mm)
in austenitic stainless steel base material.

Fig. 15(0°L) and Fig. 10 (ADEPT60CL). However,
with 0°L no proper echo from the crack face was
detected. With transverse waves, echoes from crack
tips were detected both with 70 (S/N approximately
10dB) and 45T (S/N approximately 15dB) 2 MHz
probes Figs. 7 and 8 respectively). The obtained
signal-to-noise ratio results show that with transverse
waves the crack tip was more clearly seen with the
45° probe than with 70 probe.

During ultrasonic testing with the mode conversion
probe Fig. 9) the received secondary creeping wave
echo from the transverse crack disappeared locally.
This is caused most likely by a discontinuous crack
extension or local compressive residual stress, which
presses the crack surfaces closely together, thus en-
abling ultrasonic waves to penetrate through the crack.

2.3.2. Cladding

One crack was produced in a strip welded AISI
316 type austenitic stainless steel cladding of a fer-
ritic steel test block (465 mnx 150 mmx 100 mm,
length x width x height). The cladding was 10 mm
thick and the produced crack was about 10 mm long
and 3mm deep. Three different size (depths 0.5, 1.0
and 2.0 mm) of rectangular (70 mm long and 0.3 mm
wide) EDM-grooves used for eddy current calibration
were produced in a separate austenitic stainless steel
plate.

The eddy current inspection was performed with
a 100kHz probe (Zetec 195-801P02 Fe). The crack
was detected in the cladding, although the impedance
level varied depending on thieferrite content and the
probe location on the strip welded cladding (middle of
strip, HAZ, fusion line). The crack was estimated to be
about 3 mm deegFig. 11shows eddy current signals
from the artificially produced crack and from three
different EDM-grooves used for calibration. Also the
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Fig. 12. Ultrasonic testing results of an artificially produced thermal fatigue crack in austenitic stainless steel cladding: (a) from outside
surface with long sound path with 4T (1 MHz) wave probe and (b) from crack opening surface with 70 TRL (2 MHz) wave probe.

sizing results of eddy current testing may be affected types of reflectors was performed during the same ses-
by the possible compressive residual stress affecting sion with the same equipment and personnel. The arti-
the crack tip. ficial thermal fatigue crack was produced in the same
Ultrasonic inspection of the cladding sample was pipe containing the service-induced crack. The pipe
performed from the crack opening surface (with material was AISI 321 type austenitic stainless steel
70°TRL, 2 MHz probe) and with a long sound path (Ti-stabilised). The third reflector, a semi-elliptical
(about 200 mm) from the outside surface of the test EDM-notch, was in a separate plate (thickness 30 mm)
block (with 4T, 1 MHz probe). The results iRig. 12 of AISI 316 type austenitic stainless steel.
show two ultrasonic B-scans in the bottom line and  Crack tip echoes obtained with°l0 5MHz sin-
one C-scan above them. The orientations of scan di- gle probe from the EDM-notch, the service-induced
rections are visualised in the figure. The crack was thermal fatigue crack and the artificially produced
detected from both sides of the test block, but no thermal fatigue crack are presentedHRigs. 13-15
crack tip echo was detected in either case. This is respectively. The crack tip echo is clearly seen from
explained by the limited resolution of the probing EDM-notch but from the real and artificially produced
frequencies used and a possible compressive residuathermal fatigue cracks the S/N ratio is low, being

stress closing the crack tip. about 6-10dB. However, the S/N ratios of crack tip

signals were about the detection limit value (6 dB).
2.4. Non-destructive comparison of artificially With artificially produced thermal fatigue crack the
produced and service-induced thermal fatigue cracks crack tip signal was not equally clear over the whole

length of the crack. The signal shown ffg. 15is
The non-destructive testing results obtained from from an area where the crack tip signal was optimal.
artificially produced thermal fatigue cracks were
compared to the results obtained with an EDM-notch
and a real service-induced thermal fatigue crack. The = Backwall echo 1 iy
service-induced thermal fatigue crack was caused by * \
mixing of fluids at different temperatures in a T-joint
process pipe. The cracked area was found based L __J“\ s
on pipe leakage. By closer inspection, numerous A
transversal cracks were found, one of them penetrat- ..
ing through the wall of the pipe. A 13 mm deep crack
was selected to be used in this study. =] ! ‘
The objective of the comparison of different reflec- . . = = =
tors was to show the difference between ultrasonic re- rig. 13. ultrasonic A-scan of a 15mm deep semi-elliptical
sponses obtained. The inspection of all three different EDM-notch in AISI 316 type austenitic stainless steel (V110)0

Crack tip
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Fig. 14. Ultrasonic A-scan of a 13 mm deep real, service-induced
thermal fatigue crack in AISI 321 type austenitic stainless steel
(V110-C°L).

2.5. Residual stress

Residual stress state affects the opening of the
produced crack, which in turn affects the reflection
and transmission behaviour of the ultrasonic energy.

113
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Fig. 16. Change of surface residual stresses as a function of con-
tinued thermal fatigue cycling in the vicinity of crack produced in
AlSI 304 type austenitic stainless steel plate (T: stresses transverse
to the crack, P: stresses parallel to the crack).

and 60s exposure time. Residual stress measure-
ments through the thickness of the sample were not
performed in this study.

The change of surface residual stresseEim 16

Residual stress can be measured on the surface 01Edemonstrates that the applied thermal fatigue cycle has

the sample with relative ease, while measurement
through the thickness of the sample near a crack is
difficult. Fig. 16 shows an example of cumulative

change of surface residual stress caused by continue

thermal fatigue cycling. Residual stresses were mea-

sured in two directions during test interruptions when
the sample had cooled down to room temperature.
During the test, an individual, 8 mm long crack was
produced with a total of 35,000 cycles. Residual stress
measurements were performed in the mid-section of
the crack in the solid material, 1 mm away from the
crack opening. Measurements were done with X-ray
diffraction, which reveals stresses from a thin surface
layer (thickness 15-30m). Measurements were per-
formed with Cr radiation, 3 mm (diameter) collimator

i Backwall echo i

-s0 -

Crack tip

T
20

Fig. 15. Ultrasonic A-scan of an artificially produced circumfer-
ential 20mm long and approximately 6 mm deep thermal fatigue
crack in AIS| 321 type austenitic stainless steel (V110)0

a strong effect on the final residual stress distribution.
Residual stress transverse (marked as “T”) and parallel
marked as “P”") to the crack show opposite behaviour

s transverse stress moves very quickly in tension and
parallel stress in compression. In this example ther-
mal cycling was controlled so that the crack opening
is pronounced, that is, transverse stress was set in ten-
sion. Thus, by controlling the thermal cycling also the
residual stresses can be controlled.

2.6. Real components

The developed defect production method works
well both from the metallographical and non-destruc-
tive response point of view. A further interest was to
verify the applicability of the method to real com-
ponents. Verification has been done with different
types of components: pipe section, butt-welded pipe,
T-joint of two pipes and a collector head threaded
screw hole. Materials have been different types of
austenitic stainless steels. Results of these tests are
presented in the following.

2.6.1. Pipes

Three different sizes of pipes were examined dur-
ing the experiments. Cracks were produced on the in-
ner surface of the pipes. Fig. 17is an example of a
pipe (diameter approximately 360 mm, wall thickness
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Fig. 18. Production of artificial thermal fatigue cracks inside of
austenitic stainless steel collector head threaded screw hole.

Fig. 17. Austenitic stainless steel pipe: (1) circumferential 20 mm

long and (2) axial 20.5mm long artificially produced thermal fa- 41° gnd length sizing accuracy &@f0.3 mm (surface
tigue crack (89,200 and 112,820 thermal fatigue cycles, respec- length)

tively) (pipe diameter 360 mm, wall thickness 28 mm).

2.6.3. Collector head
28 mm) on the inner surface of which one circumferen-  The method was applied to a piece of a VVER steam
tial and one axial thermal fatigue crack were produced. generator collector head that had previously been in
The cracks were produced in the base material with yse in a nuclear power plant. The piece included three
lengths of about 20 mm. In another case, a crack was threaded holes (diameter 48 mm) with a bottom cup in
produced in the inner surface of a 159 mn8.5 mm the end of the holes. Artificial cracks were produced
(diameterx wall thickness) pipe. The crack was 82% in the threaded area and the bottom cup area. Cracks

of the wall thickness being about 7 mm deéjg( 3. produced in the threaded area were used as initiating
Additionally, cracks have been produced in the heat flaws for subsequently growing transgranular stress
affected zones of butt-welded pipes. corrosion cracks. A general picture of the collector
head mock-up is shown iRig. 18 The arm of the
2.6.2. T-joint of pipes induction heater is shown in the left side hole of the

Artificially produced thermal fatigue cracks were figure. An example of a horizontal crack produced
produced in the corner of a T-joint of pipes of different at the bottom of a thread is shown Kig. 19 The
sizes (110 mmx 20 mm and 570 mnx 35 mm). Nei- crack has first initiated by thermal fatigue mechanism
ther surface nor any other pre treatment was performedand then grown further by stress corrosion. During the
on this area. Two individual cracks were produced production of the horizontal crack shown, a vertical
in the desired locations with location accuracy of crack developed.

(a) (b)

Fig. 19. Artificial thermal fatigue crack at the bottom of a thread: (a) cross-section and (b) crack opening on the surface of the thread bottom.
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3. Discussion larly and have a tight crack tip with a small radius. Ar-
tificially produced thermal fatigue cracks do not have
Production of realistic thermal fatigue cracks is an oxide layer on their fracture surface, as is the case
based on controlled, cyclic thermal loading. During with the service-induced cracks. However, an oxide
the manufacturing process, varying heating and cool- |ayer can be grown by a subsequent heat treatment.
ing periods are applied in order to control the thermal  Artificially produced thermal fatigue cracks
stresses induced. Single thermal fatigue cracks first gave similar ultrasonic responses compared to real
initiate and then grow. There are a wide variety of service-induced cracks (corner echo, crack tip, frac-
thermal fatigue cracks, which can be produced by ture surface). Studied cracks in austenitic stainless
this method. These are single cracks with, for ex- steel base material pipe were reliably detected and
ample, different fracture surface roughness, different sized. No additional cracks were detected near the
tortuous crack paths, many or few branches, differ- produced cracks. Crack in the austenitic stainless
ent growth directions (e.g. when compared to rolling steel cladding was detected easily, but no crack tip
direction of a plate), different aspect ratios (depth to echo was detected which makes the sizing of the
length ratios), different states of residual stresses, etc.crack difficult. This may be caused by compressive
Furthermore, it is possible to grow combinations of stresses affecting the crack tip. The possible compres-
single cracks, as parallel cracks, intersecting cracks sjve stress at the crack tip may also affect the use of
or several cracks forming a network. eddy current-based crack sizing. Further, the inhomo-
The crack path of the artificially produced thermal geneous welded cladding caused some uncertainties
fatigue crack is tortuous. Tortuous path is a result of jn eddy current inspection.
the natural crack growth mechanism. The produced The ultrasonic signal amplitudes from a service-
thermal fatigue crack has rough fracture surfaces ex- induced and artificially produced thermal fatigue
hibiting clear fatigue striation formation and typically  cracks are not as high as those obtained from an
crack has a semielliptical shape. EDM-notch. A reason is that the ultrasonic reflectiv-
Thermal loading exceeding the yield strength of the ity is affected by the rougher reflection surface and
material causes residual stresses. The applied cyclicthe narrow opening (width) of the cracks, while the
thermal loading and the number of cycles determine EDM-notch has a smoother reflection surface and is
the magnitude of the residual stress. Thus, the residualrelatively wide. The tip of the EDM-notch gave a
stress near the crack, along the crack length and path.clear and sharp signal, while the signals from crack
can be controlled by controlling the applled thermal tips were formed by mu|tip|e Signa|s produced by
loading. It is commonly known, that the ultrasonic the irregularities of the crack tips. Furthermore, the
signal obtained from a crack is affected by the stressespossible stresses present at the crack tips may affect
presentin the vicinity of the produced cratiklé et al.,
1988; Yoneyama et al., 20RAccording toWirdelius
and Osterberg (2000jor example, 200 MPa increase
in the closing pressure of a flaw causes 10dB drop in
ultrasonic signal amplitude. Changes in the residual
stresses along the crack path (at the crack tip, in the
middle of the crack and near the crack mouth) affect
the ultrasonic energy penetration in different locations.
These changes increase the uncertainty of the signal
analysis and affect flaw detection and the difficulty of
sizing flaws accurately. A !
The artificially produced cracks realistically simu- (a) (b = ()=
late the real, service-induced cracks from the metal- b L L,
lurgical and ultrasonic point of view. Metallurgically _ . . .
the produced cracks are narrow, have a rough fracture Flgl. 29. Comparison of (a) a semce-mduped thermal fatigue crack
(Hanninen and Hakala, 1981(b) an artificially produced thermal

surface, show minor branching, propagate transgranu-atigue crack and (c) an EDM-notch (modified PISC type A).
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(b)

Fig. 21. Comparison of defects produced with different techniques: (a) a weld solidification ®kat&of and Edwards, 1996(b) a
surface breaking crack in a weltdddcomb, 1999 and (c) an artificially produced surface breaking thermal fatigue crack.

the ultrasonic signals, while the tip of an EDM-notch the applicability is that the location where the crack
is stress free. In this study, the crack tip of an arti- is to be produced must be accessible for the induction
ficially produced thermal fatigue crack in austenitic heating coil.

stainless steel base material was detected by several

probes and the crack tip echo had similar S/N ratio

as obtained from real service-induced thermal fatigue 4. Conclusions

cracks.Fig. 20illustrates the difference between the
service-induced crack, artificially produced crack and
modified PISC type A EDM-notch.

Controlled thermal fatigue cracks are produced
without causing any additional alterations in the sur-
rounding material. As an exampléEg. 21 compares
defects produced by two other qualification defect
production techniques and the new artificial thermal
fatigue crack production method.

Fig. 21 shows that the other techniques introduce
additional weld metal volume, while controlled pro-
duction of thermal fatigue cracks results precisely in
the desired crack without any alterations in the sur-
roundings. During the production of artificial thermal
fatigue cracks only a small area of interest is loaded.

A new artificial flaw production method for
NDT-qualification defect production purposes has
been developed. The method is based on controlled
thermal fatigue loading. The flaw production can be
controlled so that the location, orientation and size of
the cracks are accurately adjusted. Single cracks are
grown without any additional alterations caused in
the material. Cracks can be produced in base material
or welded areas, in simple plate samples or full scale
mock-ups. It is shown that artificially produced cracks
correspond well with the service-induced cracks both
non-destructively and destructively.

Artificial, representative cracks can be produced in
samples and mock-ups of different sizes and shapes.

Consequently the size of the specimen is irrelevant to The experiments performed proved that artificial sur-
the production method and cracks can be produced inface breaking thermal fatigue cracks can be induced in

very large components.
The artificial crack production method has been

any component with practically no limitations in lo-
cation, orientation or size. With this method realistic,

applied to different nuclear power plant components: controlled cracks can be produced in new mock-ups,
pipes, T-joints of pipes and collector head samples. in existing mock-ups containing other defects or the
Materials have been austenitic stainless steels com-method can be used to grow further existing defects
monly used in the nuclear power plants. So far, of different types. The method is also applicable to
practically no limitations have been met for the ap- change the opening and the residual stress state of an
plicability of the method. The only requirement for already existing real crack.
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