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Abstract

Within the framework of the research program "Integrity of Compo-
nents (FKS)" an intermediate size welded pressure vessel (ZB 1)
was loaded with hot water at 60°C and 288°C by internal pressure
cycles and hydrotests to initiate and grow artificial and natural
cracks. The water chemistry, especially with regard to the
oxygen content and conductivity, turned out to be at worst case
conditions. Total crack growth after 28,348 cycles, interrupted
by several hydrotests at 60°C, ranged between a few millimeters
and 57,2 nillimeters, depending on the size and location of the
original crack.

After completion of the cyclic pressure tests the cracked areas

were removed from the vessel for metallografical and fracto-
grafical examinations. By these results a correlation between
the crack depths at the various load c¢ycles, the numerical
predictions, and the nondestructive examinations during the tests
was possible. It turned out that the biaxial state of stress has
no influence on the c¢rack growth rate for longitudinal and cir-
cunferential cracks.

The work on which this report is based was sponsored by the
Federal Minister for Research and Technology (BMFT), the industry
consortium Integrity of Components, and the United States Nuclear
Regulatory Commission (USNRC). The responsibility for the con-
tent, however, only have the authors.
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1. Introduction

One task of the research program "Integrity of Components (FKsS)"
/1/ concentrated on static and cyclic internal pressure tests at
60°C and 288°C. An underground test facility of the GroBkraft-
werk Mannheim AG (GKM) power plant was used for the ZB 1 pressure
vessel tests. Several patches containing prefatigued notches on
the inner and outer surface as well as natural cracks in the base
material were inserted into the cylindrical vessel wall by longi-
tudinal and circumferential welds. No post-weld heat treatment
was applied for one of the three patches. The general objectives
of the tests were
- to load the vessel by hydrotests and under operational con-
ditlons in order to produce crack propagation in the range
of several centimeters '

- to locate the cracks and to monitor crack growth by an acous-
tic emission analysis ’

= to measure crack growth by means of nondestructive testing,
such as ultrasonics, potential drop method, magnetic parti-
cle testing, etc.

= to verify the actual crack length for each step of the test
and to compare these values with the measured and precaleoy-
lated ones

- to investigate the influence of hot water corrosion due to a
highly oxygenated water.

After completion of the internal pressure tests the cracked
patches and welds were removed from the vessel by torch-cutting
and by trepanning. By the results of the final nondestructive as
well as metallografical and fractografical examinations of selec-
ted areas a correlation between the crack depths at the wvarious
load cycles and the precalculations, the nondestructive exami-
nations, and the acoustic emission analysis was possible.
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2. Test Vessel ZB 1

The overall dimensions of the intermediate size test vessel and
the prefatigued notches are shown in Fig. 1. The material of the
rectangular patch 81 containing the three notches was machined
from a plate of A 533 B Cl.1 /2/, the other patch 83 was made of
the materlal 20 MnMoNi 5 5 (similar to A 533 B Cl.1). The wall
thickness of 120 mm was about 15% smaller than the one of a
pressure vessel of a boiling water reactor (BWR). When the test
was started, the relative depth of the three flaws A, B, and C
ranged from a/W = 0,25 to 0,47,

The test vessel was loaded by 8 hydrotests and 21.000 load cycles
at 60°C, and by 7.340 more load cycles at 288°C /3/. The load
spectrum is shown in Fig. 2. The internal pressure of 240 bar
caused a hoop stress in the cylindrical vessel wall of 160 N/mm ,
which corresponds to the hoop stress in a BWR vessel at operating
conditions. The time needed for each load cycle was between 0,5
min at 60°C and 3 min at 288°C, The 1load steps A, B, and 1
through 7 (A, 1, 4, and 7 are hydrotests) were conducted in a
period of 6 weeks, it took 26 more weeks to complete the tests at
288°C,

The test loop was filled with water from the condenser loop of
the GKM power plant. The water chemistry deteriorated during the
test runs because of the lack of a demineralizing system and the
contact of the water with air in a feedwater tank. This caused
an increase in the oxygen content up to the saturation level of

8 ppm.

3. Crack Propagation

The purpose of the cyclic internal pressure loading was to
produce c¢rack propagation in the order of several centimeters.
This was realized by loading prefatigued notches and longitudinal
and circumferential welds with natural cracks.
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3.1 Crack Propagation in the Prefatigued Notches

According to the table in Fig. 1 the total crack propagation was
48,8 mm for flaw A, 57,2 mm for flaw B, and 4,2 mm for flaw C.
The flaws A and B were located on the inner surface, flaw C on
the outer surface of the vessel. As an example for the others,
flaw B will be presented in detail in this paper.

Fig. 3 shows flaw B at the end of the test after 28.348 load
cycles /j4/. The flaw grew approximately 65 mm on each side in
longitudinal direction. Several secondary cracks parallel to the
main crack path can be seen in the second half of the crack pro-
pagation, this corresponds to the test temperature of 288°C. In
addition, the effect of corrosion is evident by the large number
of cavities on the inner surface of the vessel.

After the test, flaw B was saw-cut into several sections and
opened, Fig. 4. Starting from the center of the flaw the first
two semi-elliptical crack fronts are the tip of the machined and
prefatigued notch, resp. The adjacent bright portion of the
fracture surface is the result of the cyclic loading at 60°C, the
loading at 288°C caused the crack growth demcnstrated by the
outer, dark grey section.

Section A of Fig. 4 is shown in datail in Fig. 5. The different
load steps according teo Fig. 2 are separated by clearly defined
lines which were caused by stable crack growth during the hydro-
tests. With these marked c¢rack fronts a reliable correlation
between the different load steps and +the crack propagation is
possible.

According to Fig. 3, the crack propagation in longitudinal di-
rection occured on a straight path. This is also true for the
propagation in the radial direction, Fig. 6. Especially at the
location of hydrotests there is a tendency for small secondary
cracks, which in most cases branched off the main crack path in
an angle of 20 to 30° and in no case exceeded a length of 0,4 mnm.
It is of special interest that the branching started symme-
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trically to both sides of the main crack, and that in most cases
one, in some cases both cracks turned back to the centerline
after a few tenths of a millimeter. At the fracture surface cor-
responding to a test temperature of 60°C no secondary cracks were
found in any of the three flaws. The general direction of the
main crack path is not influenced by these cracks.

Fig. 7 shows a close-up view of the fracture surface at the end
of load stép 2 (288°C), the two hydrotests 10 (60°C), and the
first cycles of step 11 (288°C). One clearly can see fatigue
striations caused by the cyclic loading during steps 9 and 1l1i.
The two hydrotests, separated by ten load cycles, can be identi-
fied by a stable crack growth of 0,06 and 0,07 mm, resp. The se-
condary cracks on the fracture surface correspond to section C of
Fig. 6.

Crack branching in a more pronounced form. was found in the cylin-
drical wall of the pressure vessel of the decommissioned HDR
plant /5/ (superheated steam - reactor near Frankfurt/Main),
Fig., 8. This investigation was part of the THEZ~-series (thermal
shock of the cylindrical vessel wall) of the HDR Safety Program
/6/, where loading by cyclic thermal shock was applied. The cir-
cumferential crack started from a 9 mm deep blunt notch and was
grown by 6500 load cycles in three test blocks. During the two
stops in between the vessel was statically loaded at different
pressure levels and temperatures for 100 h and 140 h, resp. In
this case, the high temperature water also had an elevated oxygen
content.

3.2 Crack Propagation in Welds

At the beginning of the test series a second rectangular patch gf
the degraded material KS07C (patch S2, dimensions 1500 x 700 mm ,
Fig. 2) with hydrogen induced multiple cracks was welded into the
cylindrical vessel wall. After a hydrotest and 5.000 load cycles
(Fig. 2, steps A and B) it was replaced on site by the patch 83,
machined from a plate of 20 MnMoNi 5 5 reactor grade material.
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The welds were inspected by the dye penetrant method, defects in
the weld roots were repaired. A final stress relief heat treat-
ment was not applied.

After 23.340 load cycles at 60°C and 288°C and 7 hydrotests at
60°C (Fig. 2, step 1 through 12) the patch 83 was removed from
the vessel by torch-cutting. The inner surface after a final
nondestructive examination (NDE) is shown in Fig. 9. The bright
rectangle from the magnetic particle testing marks the location
of the longitudinal and circumferential welds. Three trepans (Bl
through B3, diameter 100 mm) were taken from the welds at loca-
tions where the deepest cracks were expected.

Two sections of the cracked root of the longitudinal weld IN 1
are shown in Fig. 10. In both cases, numerous cracks on either
side of the root can be seen. While the preferential orientation
is in the longitudinal direction, there are some cracks with a
circumferential orientation. The bottom picture of Fig. 10
depicts an area of a repair weld with cracks at the transition
from the weld to the base material.

In order to further investigate the morphology of the fracture
surface, the cracks of the three trepans were opened. Comparable
to the appearance in the three flaws, the various load steps can
be correlated to clearly visible stripes on the fracture surface,
Fig. 11. fThe different lines in Fig. 11b correspond to crack
growth caused by c¢yclic loading on one test day, Fig. 1llc, or to
hydrotests, Fig. 11d. Due to an extremely corroded fracture
surface no statements can be made for the load steps 1 through 8
with a total crack propagation of 8,9 mm.

Fig. 12 shows a close;up view of one of the stripes of step 9
(Fig. 11b). This section of the fracture surface corresponds to
a total crack growth of 0,186 mm, caused by 204 load cycles bet-
ween 150 and 250 bar at 288°C., This test sequence was conducted
after a stop of 18 days with temperatures between 10°C and 288°C,

The crack growth rate da/dN at the beginning of the cyclic



- 39.7 e

loading is, more than twice as high as in the second half of the
day. The plateau reached after 80 load cycles is slightly above
the value derived from the KI—calculation and the da/dN~-curve for
water according to ASME, Sect. XI /7, 8/. Tests to determine
the da/dN-values for the particular vessel conditions (Vessel
material, water chemistry) were not conducted. After an
overnight stop of 8 hours at 150 bar and 288°C, da/dN is high
again during the first cycles of the following day, see right end
portion of Fig. 12.

Similar investigations were conducted on cracks in the two cir-
cumferential welds of the patch. A close~up view of a fracture
surface of section 4 of Fig. 9 is shown in Fig. 13. Compared to
the longitudinal crack shown in Fig. 11, the fracture surface of
the circumferential ones is extremely rough without clearly visi-
ble lines separating the different test days.

After removing the corrosion layers from the fracture surface,
striations only could be found at the crack tip, Fig. 14. They
were caused by load cycles of the last test days of step 11,
ranging between 100 and 250 bar at 288°C, Calculations for fini-
te length circumferential part~through c¢racks in vessels /8/
assuming an average crack depth of 20 mm and a total crack length
of 700 mm (according to the width of t?ezpatch) yield a stress
intensity factor of AK = 13 MPa m . Accggding to /8/ this
corresponds to a crack growth rate of 2,5.10 m/load cycle
which is one fourth of the measured value at test begin.

With an increasing number of load cycles, da/dN in Fig. 14 de-
creases to lower values. This behaviour is similar to the one
described in Fig. 12. Due to the rough fracture surface of the
circumferential cracks a more detailed evaluation can not be
made. It seems to be evident, however, that the overall crack
behaviour of longitudinal and circumferential cracks is similar.‘

An explanation for that behaviour can be the corrosion of the
oxygen saturated water at the crack tip during the stops. There-
by hydrogen embrittlement in the region of the crack tip may



|
!
}
{
!

- 39,8 =~

occur /10 through 13/. Conseguently a decrease in toughness
would result which leads to an increase of the da/dN=-value.
After a number of load cycles the crack passes the embrittled
zone and propagates into the base metal with undegraded tough-
ness. Other explanations were presented in /14/.

gimilar crack growth behaviour in high temperature water was
found during fracture mechanics tests under static load /15/ as
well as in corrosion fatigue experiments /16, 17/. These cases,
however, are different with regard to loading and water condi-
tions.

1

4. Numerical Determination of the Crack Propagation

Beforé starting the test, the expected crack growth of the flaws
A, B, and € was precalculated for the different load steps.
Numerical solutions for the different stress intensity factors of
semi-elliptical surface ocracks are avallable /7/, the ¢rack
growth rates da/dN were taken from /8/ for water (flaws A -and B)
or air (flaw C), resp.

According to ASME, the da/dN-curves are upper bound (conserva-
tive) values. Therefore, 1t should be expected that the actual
crack depth is always below the predicted one. This could be
shown by the fractografical results for the tests conducted at
60°C (load steps A, B, and 1 through 7). puring that test period
the precalculation always overestimated the actual crack depth.

Major differences were noticed when the test tenperature was in-
creased to operational conditions (288°C, load steps 8, 9, and
11).. In this case the two flaws on the inner surface of the ves-
sel wall grew faster than predicted. The crack depth of flaw C
on the outer vessel wall always stayed behind the calculated
value.

For further clarification, the calculated and measured crack
propagation of flaw B with the highest crack growth rate is com-
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piled in Table 1. One can see that at the end of the tests at
60°C (step 6) the calculated crack depth is 19% longer than the
measured one according to Fig. 5. For the load steps B through
5 a reliable correlation between crack length and load cycles is
not possible due to corrosion effects on the fracture surface.

At the tests at 288°C (load steps 8, 9, and 11), the overestina-
tion continually decreases, +till finally the calculated crack
depth falls behind the measured values. This discrepancy turned
from 15% overestimation at the end of step 8 to a slight under-
estimation at the end of step 11,

It seems to be evident that the reason for that behaviour is
corrosion again. Like in trepan B2 of patch 83, a higher crack
growth rate after overnight or repair stops in the first 100 cyc-
les well above the da/dN-values of ASME, Sect. XI caused an in-
crease of the crack growth. ’

5. Summary

An intermediate size test vessel with prefatigued notches and
natural cracks was loaded by 28.348 internal pressure cycles at
60°C and 288°C., The whole test series lasted 12 months.

After the tests the crack faces were opened and further investi-
gated. The metallografic and fractografic examinations can be
summarized as follows:

= The crack growth of the prefatigued notches ranged from
4,2 mm (flaw C on outer surface, no corrosion) to 48,8 mnm
(flaw A on inner surface) and 57,2 mm (flaw B on inner
surface).

- The natural cracks in the welds of patch S3 grew to a maxi-
mum depth of approximately 50 mm.
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- For the test series conducted at 288°C a reliable correlation
between the crack length and the particular load steps was
possible. Due to corrosion effects, this correlation could
not be made for the tests at 60°C.'

- In the three prefatigued notches, the macroscopic crack pro-
pagation was on a very straight path. At 60°C no secondary
cracks could be found on the fracture surface. At operating
conditions (288°C) numerous secondary cracks branched off the
main crack in an angle of 20 to 30°, especially at the loca-
tions of the hydrotests. These secondary cracks stopped at a
depth of less than 0,4 mm.

]

- During stops at the 288°C-tests, especially those over night,
a minimum pressure of 100 bar (to prevent evaporation of the
I water) and the temperature were held constant. The fractogra-
- fical examination of the natural longitudinal and circumferen- -
tial cracks in the welds of patch 83 showed a clear increase

in the crack growth rate da/dN after stops.

:*? . = After a number of cycles (in the order of 100) da/dN de-
creased to a lower value corresponding to the ASME~-curves and
then stayed constant. This behaviour is believed to be caused
by corrosion embrittlement at the crack tip during the stops
due to the oxygen saturated water of the test loop.

o = A correlation between the crack depths at the various load
}1i5 cycles, the numerical predictions, and the nondestructive exa-
. minations during the test was possible. Insofar, the applied
analytical tools could be validated. It turned out that the
biaxial state of stress has no influence on the crack growth
rate for longitudinal and circumferential cracks.
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E Fig. 3: Crack growth of longitudinal . flaw B after 28.348 load cycles
(end of test)

top: left side of flaw B, bottom: right side of flaw B
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Fig. 5: Section A of Fig. 4, total crack propagation
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Fig. 8: Trepan B9 of the decommissioned HDR-plant,
inner surface of the cylindrical pressure vessel wall
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circumferential weld
of test vessel

| IN 1: longitudinal weld no. 1
g RN 2: circumferential weld no. 2

it Tt : . T e

Fig. 10: Fracture appearance in the root of longitudinal weld LN 1,

f top: section 1 of Fig. 9

bottom: section 3 of Fig. 9
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Fig. 11: Longitudinal crack in trepan B2 of Fig. 9
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Fig. 13: circumferential crack from section 4 of Fig. 9
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