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Fatigue Test Results of Straight Pipe with Flaws in Inner Surface
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Fatigue and fracture tests of piping models with flaws in the
inner surface were carried out to investigate the fatigue crack growgh,
coalescence of multiple cracks and fracture behavior.

Two straight test pipes with and without weldment in the test section
of SUS304L stainless steel were tested under almost the same test
conditions. Three artificial defects were machined in the inner surface

of the test section of the test pipes.

The fatigue test were performed untill the cracks coalesced and

é grew through the thickness. Subsequently, a static load was imposed on
3 test pipe which contained a large crack in the test section.

é The test results show that the fatigue crack growth is slower than

] that predicted by the method specified in the SectionXI of ASME Boiler

; and Pressure Vessel Code, and that the test pipes can endure more than

the static leoad of 3Sm without an unstable fracture.

Keywords : Fatigue, Crack Growth, Coalescence, Straight Pipe, Fracture,

SUS304L Stainless Steel
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Nomenclature

half crack length of through thickness crack or minor half
diameter of elliptical (semi—elliptiéal) crack
major half diameter of elliptical {semi-elliptical) crack
stress intensity factoer

range of stress intensity factor

range of applied stress

maximum of applied stress

minimum of applied stress

stress ratio

number of cycles

circumferential stress

longitudinal stress

circumferential strain

longitudinal strain

wall thickness

outey diameter

inner diameter

radius

modulus of elasticity

0.2% yield strength

Poisson's ratio

plane moment of inmertia

applied load

range of

range of applied load

displacement

general primary manbrance stress intensity
primary bending stress intensity

local manbrance stress intensity

design strers intensity value

specified minimum yield strength

primary stress indices

flaw shape parameter

manbrane stress correction factor

bending stress cerrection factor

(5}
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1. Introduction

The structural components of light-water-cooled nuclear power
reactors are installed based on lots of experience which various
conventional power plants have had for a long period. The piping
gystem, cne of the structural components, is attentively designed,
fabricated, installed and inspected so that the integrity and safety of
nuclear power reactors are assured in the normal cperating conditions
and postulated accident conditions. In gspite of considering the piping
safety and performance in the design and construction of structural
component, based on various standards, criteria and so on, many piping
failures have been reported in nuclear power plants to date. However,
sudden flaw-induced piping fractures have not been caused, i.e. the
piping failures detected are the part—-through cracks without leakage or
the through cracks with small leakage. On the other hand, in the piping
system of light-water-cooled nuclear power reactors a instantaneous
guillotine or slot rupture is agssumed as one of the design base acci-
dents and protection against the damages of adjacent structurai COmpo-
nents resulting from an excessive loss of coolant 1s provided by
employing the protective systems. The guillotine or slot rupture of
the pipe assumes that the pipe breaks instantanecusly in the circum-
ferential or axial direction and the high temperature fluid flows from
the opening areas of the pipe.

As previously mentioned, the sudden ruptures of the pipe have not
been caused to date and also in the future such failures of the pipe in
nuclear power reactors are considered to be extremely unlikely.
However, one of the desirable safety features of the piping system is
to predict a serious situation before it develops. It is very impor-
tant to the piping safety and performance to understand how defects
might propagate from initial flaws, grow through the wall of piping
components and how they might sever. 1f the severance of the piping
components in nuclear power reactors might occur, it might develop
through the following assumptions;

1) Initial flaws are caused in the inner surface or sub-surface of
piping components during their fabrication by cyclic loads
imposed during transients or stress corrosion.

2) The initial flaws grow to very long part—through cracks by

fatigue, stress corrosion and so on.

..-1_
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3) The long part-through cracks are severed by the extraordinary
loads (such as earthquake or water hammer) imposed during the

operation of nuclear power reactors.

The fatigue and fracture tests of piping models reported herein
have been carried out teo investigate the above processes using two
straight pipe models, 320 mm in outer diameter, of SUS 304 L stainless
steel under almost the same test conditions. Three artificial defects
were provided in the inner surface of the test pipes aleng the circum-
ferential direction by a Electrical Discharge Machining (EDM). Those
artificial defects were machined in the base metal of one test pipe and
in the heat affected zone of welds of another test pipe.

Firstly, cyclic bending moments were imfosed to investigate the
fatigue crack growth behavior and coalescence of those cracks and
secondly, after those grew through the wall of the test section, a
static bending moment was imposed tc investigate the fracture behavior,

such as strain or stress distribution, deformation and crack extension

of the test pipes.
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2. Test pipes
2.1 Chemical compositions and mechanical properties of test pipe

SUS 304 1 stainless steel pipe was used in the tests. It is an
improved type stainless steel of low carbon and high nitrogen content
against stress corrosion cracking in high temperature water environment,
and has an equivalenet mechanical properties to conventional material.

The test pipes used are the stainless steel pipes of 320 mm in
outer diameter and 35 mm in thickness and have the chemical composi-

tions and mechanical properties as shown in Table Z.1.

2.2 Fabrication of test pipes

A cantilever type test pipe fixed on the test bed was used consid-
ering the feasibility of measurements and loading system. The hydrau-
lic actuater of 63 ton capacity was fixed on the reaction wall. The
test pipe geometry is shown in Fig.2.1,

Tests were performed on two straight test pipes, SI-1 and 5T-2.

In one test pipe (S8T-2) was provided a butt weld in the test sectiom,
and in another was used a base metal in the test section. The weldment
of the $T-2 test pipe is shown in Fig.2.1 in detail, and weld procedure
and conditions are shown in Table 2.2.

In the test of ST-? test pipe, three artificial defects were
machined by EDM in the heat affected zone; 15 mm from the center of
weld beads, and 500 mm from the bottom of the test pipe. The artifi-
cial defects of the ST-1 test pipe were machined in the same location

with the 8T-2 test pipe.
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Table 2.1 Chemical compositions and mechanical
properties of the test pipes

C Si Mn P 5 Ni Cr N
Min. 8.00118.00| —
Spec.
Max. (0.02 {1.00(2.00/0.04010.030|11.00|20.0010,12
0922305 | Ladle {0.011(0.52|1.68/0.024/0.,001,10.35(18.35/0.641
(5 - 8)| Checkl10.012|0.5211.68|0.024{0.001|10.45|18.35|0.957
0.2 YS.| U TS5 |Elong.|Hardness|Grain Size
kg/mm” [kg/mm % HB No.
Min. 21 53 35 — —_—
Spec. .
Max, | N
0922305 | 1- 28 59 64 153
151 5 o
(5 - 8) . 150 )
Direc. 27 58 | 64 151

(1) Tensile Specimen: JIS No.4 GL=50mm D= l4mm¢
{2) Heat Treatment : 1060°C x 30MIN WQ.

Tabie 2.2 Welding precedure of test pipes

method

GTAW(first layer) + SMAW

shape of edge prep.

U type

welding rod

CTAW: TGS-308LK, 3.2~4d
SMAW: NC-38LK, 1.6~2¢

pre-heat

no

stress relief

no

shield gas

argon gas

back surface protection

argon gas

welding current and
veltage

GTAW: 60~1454, 15V
SMAW: 60~145A, 30V

welding position

flat

No. of layers

GTAW: 1, SMAW: 7

finish

as weld
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3. Tests

3.1 Loading conditions

The limits of stress intensities in the structural components of
nuclear power reactor are described in the Section IT of ASME Boiler
D

and Pressure Vessel Code”™” ., 1In the design condition primary stress

intensities are specified as follows:

A
=
A
2]
2]

o
+
=
[}
-
wn
[#5]

In the straight pipe subject to moment load, the stress intensity limit
is as follows:
DD'

< 1.5 Sp

Fp T Bagy s

B, = 1.0

As an allowable stress is generally determined on the base of S5y value,
the Sy, or 1.5 Sy value was taken as a reasonable stress range of the
fatigue test. However, since it was difficult to carry out the fatigue
test under 1.5 Sp value due to limitation of the test apparatus and

test pipe, the fatigue stress conditions were determined as follows:

R = Opin / Tpax = 0.1
The Sy and Sy values of the test pipe defined are as follows:

14,0 kg/mm”

9
I

21.0 kg/mm?

%]
]

The loads equivalent to Sp, CL (collapse load) and 3 S, in the

Sy,
§T-1 and ST-2 test pipes are the following values:
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P = 15.6 ton ——————==—- Siy
= 23.4 ton ——==-—————- SY or 1.5 5y
= 35.1 ton —————————— CL or 1.5 Sy
= 46.8 ton ———=——————- 3 Sy

The section factor, K is defined in the Section TI, Appendix A.

1- (Di/De)’
K - 32 _____gkﬁ_gaz = 1.41
6 1- (Pi/Do)
Therefore, in the cylindrical cross section of the test pipe, the

collapse lecad is obtained as follows:

The fatigue tests were carried cut at the cyclic rate of > Hz
considering the capacity of the apparatus and the test period. The
geometry and pesition of artificial defects were decided considering
the following conditions: _

1) The fatigue test would be completed within 0.5%10° to 1.0 10°
cycles under the stress range of Sy
2) The cracks would coalesce mutually and grow to a large single

part-through crack before the penetration.

From the above viewpoints, three semi-elliptical defects of 8 mm
in depth and 24 mm in length were machined in the inner surface of the
test pipes in the same circumfrential cross section. Each crack
interval was decided to be 1.75 t at the circumferential line of half
thickness. The fatigue test conditions of ST-1 and §T-2 test pipes

are summarized in Table 3.1.
3.2 Test procedures

The fatigue test was stopped when the crack penetrated tc the
outer surface. Subsequently an overload was imposed on the test pipe
at the constant rate of 0.5 mm/sec so that it was deformed to the end
displacement of 200 mm under displacement control mode. During the
fracture test, strain and crack extension were measured by strain

gages and electric potential method, holding the actuater position
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temporarily.
The fatigue test apparatus of piping mcdels was used in the test.

The test system is schematized in Fig.3.l.
3.3 Strain and displacement measurement

Sixty uni-axial and reosette type strain gages were bonded on the
test pipe to measure the stress distribution and four displacement
sages were mounted. The location of strain and displacement gages is
shown in Figs.3.2 and 3.3,

The strain and displacement were measured at the fatigue cycles
of N=1, 10, 100, and sc on by a digital strain instrument. The test
apparatus was held stepwise under constant lecad during the measurement.

In the fracture test, the output of displacement and load was con-

nected to a X-Y recorder to obtain the relationship between load and

displacement.
3.4 Crack extension measurement

In the fatigue test, some methods described below were applied to
the crack size measurement.
1) Crack depth measurement by ultrasonic flow dedection
It is known that a high peak echo is reflected from a cfack
tip in the ultrasonic flaw detection. Crack depth can be cal-
culated if the location of crack tip is detected. The principle
of the peak echo technique is shown in Fig.3.4. The 5 MHz angle

probe of longiludinal wave was used in the measurement.

2) Electric potential measurement
Flectric potential measurement was performed to detect the
crack extension, and its probes were attached at the following
five locations; the center of each crack (3 locations) and center
between two cracks (2 locations). The latter two probes were
used to detect the coalescence of two cracks.

The electric potential measurement is shown in Fig.3.5.

3) Application of a crack front marking technique
A crack front marking technique (so called beach mark) was

applied to leave crack front marks in the fracture surface by
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changing the fatigue stress range and stress ratic as shown in
Fig.3.6. The load, as shown in Fig.3.6, was applied at each time

when the crack extension was about 2.5 mm in depth.

Besides the above crack growth measurement, the crack extension of
the circumferential direction in the inner surface of the test pipe was
observed by a video camera and monitor during the fatigue test.

After the fatigue test, the fracture test was carried out by impos-
ing an overload. In this test, the length and the crack opening
displacement of the through thickness crack were measured in the circum
ferential direction of the outer surface of the test pipe.

The digitally displayed load and displacement of the hydraulic
actuator were measured by two synchronized photographic cameras at 0.5
or 0.25 flame per second (FPS). This measuring system is shown in
Fig.3.7.

The electric potential measurement also was used in the fracture

test using the same probes as the fatigue test.
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Table 3.1 Fatigue ftest conditions
lgad 1 P=1{73=z=1{7.3ton
stress® . 0= 1.6 == 15.6 Kg/mm2

joading AC = 14.0 Kg/mm®
conditions (= Sm)
stress ratio R=0.1
cyclic rate f =5 Hz
shape of
artificial
defects
{unit = mm )

% Do=318mm aond t=33.3mm (JIS)
were used
by 3420 ‘
1765 o 1655
{83
? 330
74_
- N _— ]
7 T N2 —— &
o oo, |
7l - /ACTUATOR LOAD CELL| CONNECTING ROD ? 1
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4 REACTION WALL
3207

PIPE MODEL 1
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1 1

1
| [ |/ TEST secTioN

o
[w
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3] _{l
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Fig. 3.1 Schematic view of the test system
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1
3 Pmax *

Pmin=0.1 Pmax

* L Pmac = Pmox , ONaw = 1/da/dN

Fig. 3.6 Loading sequence of crack front marking
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generator controler camera for outer surface

of test pipe

8§ <70mm : 0.5 FPS

§>70mm : 0.25FPS

camera for load and
displacement

Fig. 3.7 Photographic camera system of crack
extension measurement
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4. Strain measurement results

The strain and displacements were measured at the fatigue cycles
of N=1, 10, 100, and so om by a digital strain instrument.

The results of the strain measurement at the first cycle are shown
by the stress distributions of inner and outer surface of the test
pipes.

Stresses were calculated using the following relationship:

£g+V €],
g T LT
o - EL+\) Ea .
L 1-v?

The longitudinal stress distributions obtained by the test were

compared with the calculated those based on the beam theory.

g, = 4. &
L1 cos

As typical examples, the experimental and calculated stress
distributions of the Sec.A, A, and E of ST-1 test pipe are compared in
Figs.4.1 to 4.3 and those of the Sec.A, A, and C of ST-2 test pipe in

Figs.4.4 to 4.6,

As shown in Figs.4.1 to 4.3, the both stress distributions show
good agreement, and as shown in Figs.4.4 to 4.6, the stress distribu-
tions of ST-2 test pipe are almost the same as those of S8T-1.

Tt is estimated from Figs.4.l to 4.3 that the stress status 1is
almost uni-axial, since the longitudinal stress is considerably larger
than the circumferential stress.

Almost the same stress distributions are seen too in Figs.4.4 to

4.6, in the case of ST-2 test pipe.
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5. Fatigue test results
5.1 Fatigue crack growth measurements

The fatigue test had been performed till the crack passed through
thickness and the crack length was less than 10 mm in the outer
surface.

After the fatigue and fracture test were implemented, the test
section was cut out from the test pipe, and the fracture surfaces were
divided by a hydraulic machine for observation of the fracture surface.

Photos.5.1 and 5.2 show the fracture surface of ST-1 and ST-2 test
pipe. The crack front marks of the fracture surface of ST-1 test pipe
can be observed clearly, while those of ST-2 test pipe are not so
clear,

However the crack depth and shape in the fracture surface of 5T-2
test pipe could be almost recognized from the crack front marks obtain-
ed by the fatigue test. The appearances of the fracture surface are
schematically depicted from their observation as shown in Figs.5.1 and
5.2.

The following notices are obtained from the fatigue test results
of ST-1 test pipe.

The growth of C2 crack was most remarkable and C2 erack passed
through the thickness. The crack initiated at the deepest point of the
artificial defects, and crack front grew almost semi-circularly.

The crack front in the vicinity of the inner surface had a
singular geometry, i.e., a convex shape, and there some delay of crack
growth was always observed. This phenomenon seems to be caused by a
difference of the stress state between the vicinity of the inner
surface and the inside.

Though the cracks did not grow to the exact symmetrical configura-
tion, a large single internal crack was realized at the end of the
fatigue tests as expected before the test.

The crack growth behavior of ST-2 test pipe was different from
that of ST-1 test pipe as it was observed in those test results.

Tn the test of ST-2 test pipe, cracks initiated in order of (1, C3
and C2, and grew larger cracks in the same order. The crack penetra-
tion was caused at (3 after the coalescence of three cracks. As the

crack extension of ST-2 test pipe in the circumferential direction is
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larger than that of ST-1 test pipe, the crack length of ST-2 test pipe
is larger than that of S5T-1 at the end of the fatigue test.

Tt seems that the above difference between crack growth behavior
of ST-1 and ST-2 test pipes might be caused by the difference of the
fellowing test conditions:

(1) As the weld beads of ST-2 test pipe exists close to the test
section, the geometry and the stress distribution in the test
section is different from that of ST-1 test pipe.

(2) The cracks grow through the heat affected zone of the weldment,
so that the crack growth behavior might be influenced by the
change of the material properties.

(3) The crack growth behavior might be influenced by the residual

stress caused during welding.

Three crack growth measuring techniques had been used during the
fatigue test as described before.

Figs.53.3 and 5.4 show the crack depth obtained by the ultrasonic
technique and by the fracture surface observation. The Lest results
obtained by the ultrasonic technique give slightly smaller than those
of the fracture surface observation, as shown in these figures.
However it seems that the deviation of both the results is very small
and the ultrasonic technique glves high accuracy.

In case of ST-2 test pipe, a particular crack growth behavior that
¢1 and C3 cracks grew faster than C2 is observed as shown in Fig.5.2
and Photo.5.2. The deepest points of Cl and €3 cracks tend to move
from the center line of the artificial crack to C2 crack. The crack
growth curves of ST-2 test pipe along the deepest peint and the
centerline (90° direction) are shown in Fig.5.5.

The crack growth curves of the ST-1 test pipe aleng the deepest
point of Cl and C3 coincide almost with those along the centerline.

When the cracks approach the outer surface, the crack growth is
very steep in both C2 of ST-1 and Cl of S8T-2.

As the third method electric potential technique was used, this
technique is not accurate enough to measure each crack depth, but only
the behavior of the c¢rack coalescence was measured accurately by it.

Figs.5.6 and 5.7 show the results of electric potential measure-
ment. In these figures, No.2 and No.5 probeés attached at the center
between two cracks (No.2 probe at the center between Cl and C2 and No.4

probe at the center between €2 and C3), show steep electric potential
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increase at certain cycles. It is because crack coalescences were
caused around the point of electric potential increase.

From these figures and the fracture surface observation the point
of the crack coalescence can be estimated accurately. These estimated

results are shown in Table 5.1.
5.2 Crack growth rate

The crack growth rate of each crack of ST-1 test pipe along the
radial direction was obtained from the beach mark spacing. Fig.5.8
shows the relationship between da/d¥ and crack depth, a, of each crack.
As shown in this figure, each curve shows good agreement till the
cracks grow to the depth of 18 mm, and the difference is caused among
three curves when they are closer with growth of each craék front in
the inner surface.

From the experimental results, it seems that each crack growth
behavior is likely to be a single independent crack before they grow
to a large crack and are close mutually.

The influence of the crack coalescence on da/dN vs. a curves seems
to be the-largest for Cl crack, because the crack growth rate of Cl
crack is larger than that of C2 and C3 cracks and they have almost the
same crack growth rate as shown in Fig.5.8.

As shown in Fig.5.9, the relationship between da/dN and the érack
depth, a, of ST-2 test pipe is somewhat different from that of ST-1.

As shown in Fig.5.2, the crack growth of Cl and C3 cracks is larger
than that of C2 crack. Consequently the crack growth behavior of 5T-2
test pipe is different from that of ST-1 after three cracks coalesce,

The curves of da/dN vs. crack depth in the smallest cracks of both
the test pipes show the steepest increase. It means that the effect of
coalescence on the crack growth rate of the smallest crack is larger
than that of larger cracks. Lt i1s assumed that the stress concentra-
tion in the vicinity of the smallest crack is caused, due to the

geometrical effect of the coalesced crack.
5.3 comparison of crack growth

An analytical procedures for evaluation of the flaws detected in

the in-service inspection of the structural components and the criteria
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for acceptability of the flaws are specified for preventing the brittle
fracture based on the fracture mechanics in the Section XI of ASME
Boiler and Pressure Vessel codez). This analytical procedures were
applied to evaluate the crack growth of ST-1 and ST-2 test pipes and
both the results were compared.

The analytical procedures are outlined as follows:

(1) Modification of the cracked structure to apply the procedures.

(2) Determination of the stress intensity factor for simplified
models.

(3) Determination of the incremental flaw growth, Aa (a=minor half
diameter of a semi-elliptical crack), corresponding tc AN load
cycles, using AK of the model and da/dN vs. AK relationship of
the material. _

(4) Determination of the incremental flaw growth, Ab (b=major half
diameter of a semi-elliptical crack), assuming that the similar
configuration is kept during the crack growth.

(5) Updating of the crack by calculating a+Aa and b+ Ab and alter-
nating the procedures.

When the multiple cracks satisfy the crack coelescence criteria,

they are regarded as a single crack according to the procedures.

Main specifications of the analytical models for ST-1 and ST-2
test pipes are shown in Table 5.2. The analysié has been performed
using the actual dimensions and load conditions, which are slightl§
different from the values specified by JIS.

The analytical model is an infinite flat plate with cracks and is
subject to uniform tension and bending moment. Analytical models and
the condition of the crack coalescence in detall are illustrated in
Fig.5.10, and the material crack growth characteristic (da/dN vs. AK
curve) used in the analysis is shown in Fig.5.11. The upper and lower
curves in Fig.5.11 have been used. '

The stress intensity range, AK, was obtained from the following

2)

equation

M)
AK = J% (AomMm+ AGbM'tD

The analysis has been performed on the flaw depth to thickness ratio

from 0.25 to 0.5 because My value is available to the ratio, a/t=0.5,
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in the ASME Codez). The analytical results are compared with experi-
mental results as shown in Fig.5.12.

The analytical results of ST-1 and ST-2 test pipes give a conser-
vative evaluation for the crack growth life. The break point occurs in
the analytical curves as shown in Fig.5.12 and indicates the crack
coalescence of three cracks,and a jump of the crack length and AK wvalue
occurs here resulting in very steep crack growth., Meanwhile it is
known from the test results that the cracks grow in more circular con-
figuration and the crack aspect ratio, a/b, is not kept to be 0.67 of
the initial value, and consequently crack coalescence is caused at a
deeper point of the cracks than those expected analytically.

Besides no drastic change in the crack growth curve after the
crack coalescence is seen in the experimental curves, and when cracks
coalesce, they are not large enough to regard as a large single crack
at the crack coalescence.

Therefore the criteria of the crack coalescence specified in the
ASME code is too conservative for the same crack geometry, a/b=0.67,
as in these tests.

Theltest of ST-2 test pipe was performed on the heat affected zone
of the weldment. In this case the crack coalescence is caused earlier
than ST-1 test pipe as shown in Fig.5.12. It is because the crack
growth to the circumferential direction of 8T-2 test pipe is much
larger than that of S8T-1 test pipe. And this fact suggests a possibi-
lity that the crack of heat affected zone grows more wide and shallow

than that of base metal.
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Table 5.1

at the crack coalescences

Crack depth and number of cycles

location of a as as; N
coalescence puuiu mm mm cycle
No.l Test C2-C3 19.6 27 .4 22.7 620,000
pipe cl-C2 21.0 30.4 25.0 640,000
No.2 Test cl-cC2 17.0 12.2 15.7 420,000
pipe - 20.7 18.5
£2-C3 (19.9)% 14.5 (18.2)* 530,000
® }: crack depth of 90° direction
Table 5.2 Specification of analyzed model
ST-1 pipe | ST=2Z pipe
Ttems model model
thickness, t  mn 35.0 32.3
outer diam., Dy mm 320.0 320.0
inner diam., Dy mm 250.0 255.4
moment of inertia, I mm* |3.23%10° 3.06 x 10°
section modulus, Z mm® | 2.02x10% | 1.91x 16°
moment load, AM ton-m 26.8 26.8
stress range, AG kg/mm> 13.3 14.0
manbrane Stress Aoy kg /mm? 11.8 12.6
range (primary)
bending stress 2 _ _
range (primary)’ Acy, kg/mm 1.4 1.4
0.2% vield strength, Oyg kg /mm® 28.0 28.0

_2'4_
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Photo. 5.1 .Fracture surface appearance of the No.l test pipe
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6. TFracture test results

6.1 Results of strain and:disﬁléCeméﬁt measurement

Following the fatigue tesﬁ;'a fracture test was performed by an
overload under displacement control, and deformation and crack exten-
tion behavior were investigated.

Figs.6.l to 6.6 show the relationship between load and strains in
the vicinity of the crack. It is observed in these figures that the
test pipe exhibits an elastic behavior to 30 ton and graduél'increase
of a plastic deformation to 40 ton. The plastic deformation of ST-1
and ST-2 test pipes increases steeply with load over 40 ton, and
noticeable crack extension is caused with this plastic deformation as
shown later. Therefore the fracture mode of the test pipes reveals
ductile fracture accompanied with large plastic deformatien. '

Figs.6.7 and 6.8 show the relationship between load and displace-
ment of the gage (D4) and the hydraulic actuater of ST-1 test pipe,
It is evident from these figures that both the curves are almost.
identical and the deformation of the lcading apparatus 1is negligibie.

The relationship between load and displacement of ST-2 test pipe
is shown in Figs.6.9 and 6.10 and is almost the same as ST-1 as shown
in these figures. However, there is a distinctive feature that the
load decrease is caused slightly with the incfease of displacement
around & =80 to 100 mm, and the load increases again. This behavior
of ST-2 test pipe is different from that of ST-1 test pipe and the
local load decrease is a kind of unstable phenomenon as discussed
later.

These loads vs. displacement curves of ST-1 and ST-2 test pipes
show a tendency that the load is still increasing when the displace-

ment is more than 200 mm.
6.2 Results of c¢rack extension measurenent

In the fracture test the crack penetrated locally at the end of

the fatigue test extends g;}ifélly'to the circumferential direction at

the outer surface of the test pipe. This crack extension was observed
by photographs as shown in Photds.6zl and 6.2.

The crack extensicn of ST~1 and ST-2 test pipes is noticeable

—34-—
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after 40 ton, and proceeds with the increase of plastic deformation as
described before.

In case of ST-2 test pipe a secondary crack penetration is caused
at the C3 side as shown in Photo.6.2. Subsequently two cracks extend
to circumferential direction and coalesce in the outer surface. These
crack extension and coalescence are caused while the applied lecad is
locally decreasing. This means that an unstable crack extension is
caused though it is quite local.

When the load is more than 45 ton, the crack extensien is low, but

the crack eopening displacement is very high, as shown in Photo.6.2.
5.3 Summary of fracture test

Tn the fracture test the test pipes were loaded up to P=49 ton
(more than 200 mm of the actuater displacement), and unloaded due to
1imit of the actuater displacement. The relaticnship among loads,
displacement and crack extension are summarized in Figs.6.11 and 6.12.

The crack extension of 5T-1 and ST-2 test pipes was observed from
P =30 ton, and was high over 40 ton. The crack extension proceeds
with plastic deformation, that is, it is known from strain measurement
that the plastic deformation is caused before the crack extends, and
the general yield of the test section is caused over 40 ton. Therefore
the crack extensicn is accompanied with large plastic deformation.

The relationship between load and displacement of ST-2 test pipe
shows the behavior that load decrease is caused at displacement, § =80
to 100 mm, whereas the crack extension is noticeable at this displace-
ment and the coalescence of two cracks (Cl and C3) is caused at the
outer surface. This unstable crack extension might have been caused
due to the crack geometry at the end of the fatigue test of ST-2 test
pipe. This means that a local unstable crack extension can be caused
under certain geometrical condition though the fracture is grossly
stable.

Tt is known from Fig.6.12 that the cracks coalesce in the outer
surface and the crack becomes a large penetrated one over the displace-
ment, §=100 mm. In this displacement the crack extension is low,
whereas the increase of crack opening displacement is almost linear
with the displacement,and the progress of deformation is very large.

This behavior is almost the same with ST-1 test pipe. The load vs.
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displacement curves of the ST-1 and 5T-2 test pipes show a tendency
that the lcad is still increasing when the displacement is more than
200 mm. Allowable load of the faulted condition defined in the
Section TI, Appendix F of ASME Code is 46.8 ton (3 Sp) for the test
pipes, and the test results of ST-1 and ST-2 test pipes indicate that
they have enough strength and toughness for this allowable load, even

though a large crack exists in the inner surface of the pipe.
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Photo. 6.1 State of the crack extension during fracture
test (ST-1) (L/4)
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Photo. 6.1 (continued, 3/4)
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Photo. 6.1 (continued, 4/4)
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Photo. 6.2 State of the crack extension in the fracture
test (ST-1) (1/4)




JAERI-M 9246

p = 38.67
§ = 43,45
? p = 40.03
§ = 47.94
= 42.26
§ = 59,39
p = 43,49
§ = 68.43
= 44.58

5 = 89.23
(Ton, mm)

i 50mm

Photo. 6.2 (continued, 2/4)
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Photo. 6.2 {continued, 3/4}
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7. Fractographic observation

;Fractogfaphic observatioﬁé of fracture surfaceshafter'fatigue and
fracture tests were carried out by a sCanning electroﬁ.microscopy.

“Tﬁe striation was not obéefved at low cfack grthﬁ rate as shown
in Photo.?.l. On the other hand, it was observed ét high crack growth
raté as shown in Photo.7.1.2. A fair correspondence between striation
spacing (2.8 x 107" mm/cycle) and optical measurement of the crack
growth rate (2.3% 107" mm/cycle) was obtained from Photo. 7.2.

:Theffractographic observation of ST-1 and ST-2 test pipes was

almost the same..

crack direction —

(1) crack length 13mm, C1, SL-2

magriification 2000 times

—

crack direction

{2} crack length 29.5mm, C1, SL-2

"magnification 2000 times

Photo. 7.1 Fractographs
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Conclusions

The follewing conclusions are ohtained from the fatigue and

fracture tests of ST-1 and ST-2 test pipes.

1)

2)

3)

4)

5)

6)

7)

The stress distribution measured by strain gages shows a good
agreement with calculated results,

The fatigue crack passes through the wall from the C2 crack at
650,000 cycles in ST-1 test pipe, On the cother hand, in ST-2
test pipe, the fatigue crack passes through the wall from Cl
crack at 635,000 cycles. Both test pipes take almost the same
number of cycles for passing through the wall of test pipe.

The thickness of the test section of ST-2 test pipe is thinner
than one of S5T-1 test pipe because of edge preparation in weld-
ing. Therefore the crack growth rate of ST-2 test pipe is lower
than one of ST-1 test pipe.

The fatigue crack growth rate in the circumferential direction of
ST-2 test pipe is larger than one of 5T-1 test pipe, so that the
crack length of the ST-2 test pipe at the end of fatigue test is
longer than one of ST-1 test pipe.

There was a good agreement between the fatigue crack depth
obtained by a beach mark and by an ultrasonic method in which an
angle probe of leongitudinal wave was used during the fatigue
test. These experimental results show that the fatigue crack
depth in the inner surface of a pipe can be quantitatively
measured by an ultrosonic method and there is a capability to
apply this ultrasonic metheod to the non—destrﬁctive inspection. of
nuclear power plant components.

The crack growth behavior during the fatigue test could be
examined by the beéch mark, ultrasonic methed and electfip
potential method..

The experimental results of fatigue test show that the crack
growth in the rhickness direction is more conservative than that
by the analytical methed specified in the Section XI of ASME
Codez). After three cracks coalesce by cyclic loads, there is
much discrepancy between the fatigue crack growth behavior
obtained by these tests and one predicted by the ASME Code.
Therefore, it seems that the anélytical method of the ASME Cede

is more severe than the phenomena practically caused.

—51—
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After the fatigue tests were performed, the static load was
imposed on both the test pipes in the fracture test. The experi-
mental results show a tendency that the lcad is still increasing
when the displacement is more than 200 mm, and the test pipes
have enough strength and toughness for 3 Sy lcad specified in the
Section LI of ASME Code to prevent the brittle fracture, even
though a large crack exists in the inner surface of the pipe.

The crack extension of ST-1 and ST-2 test pipes was cbserved

from P=30 ton, and was high over 40 ton. The crack extension
proceeds with plastic deformation and is accompanied with large

plastic deformation.

10) In the fracture test of 5T-2 test pipe an unstable crack exten-
-sion was observed locally. This experimental result shows that
the local unstable fracture might be caused dependent on the
effect of crack geometry or the weld condition.

11) The crack extension is low after the crack becomes a large
penetrated one and the displacement is over 100 mm. The plastic
deformation is mainly caused noticeably in this displacement

é range.
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8) After the fatigue tests were performed, the static load was
imposed on both the test pipes in the fracture test. The experi-
mental results show a tendency that the load is still increasing
when the displacement is more than 200 mm, and the test pipes
have enough strength and toughness for 3 55 lcad specified in the
Section III of ASME Code to prevent the brittle fracture, even
though a large crack exists in the inner surface of the pipe.

9) The crack extension of ST-1 and ST-2 test pipes was observed
from P= 30 ton, and was high over 40 ton. The crack extension
proceeds with plastic deformation and is accompanied with large
plastic deformation.

10) 1In the fracture test of §T-2 test pipe an unstable crack exten-
sion was observed locally. This experimental result shows that
the local unstable fracture might be caused dependent on the
effect of crack geometry cr the weld condition.

11) The crack extension is low after the crack becomes a large
penetrated cne and the displacement is over 100 mm. The plastic
deformation is mainly caused noticeably in this displacement

range.
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