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ABSTRACT

To reduce fabrication time and costs but also to increase the efficiency of hydropower plants high
strength steels such as S890 are increasingly used in recent projects. After the catastrophic collapse
of the pressurised shaft of a large hydropower plant several investigations started with the goal to
characterise this steel under certain environmental conditions. For that reason thick walled weldings
were fabricated and checked to be representative for real joints. From these welded plates speci-
mens were removed from the base material, weld material and the heat affected zone for different
tests. In this contribution some results concerning corrosion and fracture mechanics are presented.
Test on three point bending specimens were carried out in several different environments — more or
less only general corrosion was observed. Furthermore slow strain rate tests as well as compact ten-
sion tests were performed in air as a reference, in water and to simulate worse situation H,S satu-
rated water. It was found that the high strength steel S890 when carefully fabricated and welded
will exhibit in principal fairly, satisfactory service behaviour in aqueous environments of hydro-
power plants.
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INTRODUCTION

After the rupture of the pressurised shaft of Cleuson-Dixence in December 2000 several programs
were launched to investigate the material in order to locate the cause of the failure and to prevent
similar failures in future. Additionally to the quantification of strength, toughness, weldability etc
[1,2] of steel S890 a program dealing with stress corrosion cracking of S890 and its weldments was
started.

Under the leadership of IWS, TUG the following investigations were performed: BAM in Berlin,
Germany, measured the hydrogen diffusion coefficient and hydrogen uptake of the different high
strength steel S890 weld microstructures. The Material Testing Institute University Stuttgart (MPA
Stuttgart) carried out Slow Strain Rate Tension (SSRT) tests on base material and weld metal of
steel S890 as well as tests with fracture mechanics CT25 specimens of weld metal of steel S§90
under static load with a duration of up to 1000 h. VTT in Espoo, Finland characterized the influence
of H,S saturated medium on the fracture behaviour of base metal, heat affected zone and weld
metal. FANP in Erlangen, Germany, performed several fracture mechanical tests in the environment
of the original water, and also simulated the crack initiation behaviour.
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INVESTIGATIONS

MATERIAL AND ENVIRONMENT

For the investigations described here, material XABO890 and Dillimax 890T representing the
originally material used in the shaft of Cleuson-Dixence was ordered and welded with the same
welding procedure as during the fabrication of the shaft [1].

To prove the material under real conditions water was taken from the site of the accident (original
water) and used for several tests. To study the influence of the environment on the behaviour of the
material under consideration several tests were conducted in air as in an inert media. The principal
susceptibility of the high strength steel S890 to stress corrosion cracking in form of a ranking in
susceptibility, tests under the application of cathodic poisons, in this case H,S saturated original
water as the simulation of the worst case situation, were performed. Furthermore some three and
four point bending tests were performed in original water with different pH value as well as in H,S
saturated original water.

HYDROGEN PERMEATION

Several preliminary studies revealed that hydrogen assisted cracking could be a predominant origin
of the failure case. This implies the need for a principal clarification of the conditions in which hy-
drogen could have been taken up in the welded materials as well as of the velocity at which hydro-
gen dissolved in the metal could be transported to respective crack susceptible regions. Such data
are relevant to both, hydrogen assisted cold cracking (HACC) and to hydrogen assisted stress corro-
sion cracking (HASCC).

For quantification of the hydrogen permeation in S890 structural steel weld microstructures, per-
meation experiments have been performed to determine the subsurface concentration, by which
hydrogen enters the material, and the respective diffusion coefficient, by which hydrogen is trans-
ported through the material. In order to provide most realistic conditions, electrochemical permea-
tion experiments were carried out predominantly at free corrosion in the original formation water.
Since there were some assumptions of H,S presence in the real formation water acting generally as
a promoter for hydrogen uptake, the formation water was also saturated by hydrogen sulphide as a
worst case condition.

EXPERIMENTS

The electrochemical permeation experiments using the procedure by Devanathan-Stachursky [3]
were carried out with four different weld microstructures. In total, 24 specimens were cut out from
the weld joint investigated. As shown in Fig. 1, two specimens were taken from each position the
weld metal centreline (WM), the heat affected zone (HAZ) and from the non-affected base material
(BM). It was known from previous experiences with high strength structural steels that hydrogen
diffusion might be different from that in the base material still at a distance of 10 mm from the fu-
sion line and thus, an additional set of specimens was also cut out at that location, nominated HIZ.
All specimens were grinded to a final roughness of R, = 3.2 pm and ultrasonically cleaned in etha-
nol ahead of the permeation experiments. In order to reduce the effects of lateral diffusion to a level
below 5 %, the ratio between the diameter of the effective specimen surface and the thickness has to
range above 10 and thus, a circular hydrogen entrance surface was provided with a diameter of 13
mm and an area of 132 mm?. In order to investigate the effects of different pH values, in the pres-
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ence of HyS and of cathodic protection, the following electrolytes, i.e. environmental conditions
were selected for the hydrogen entry side:

Formation water with 1 ml/l acetic acid (CH;COOH) — pH = 4.3

Formation water with 100 ml/l acetic acid (CH;COOH) — pH = 2.4

Formation water as delivered under cathodic protection at E =—-1050 mV/SCE

Formation water saturated with 1% H,S/99 % CO, —pH = 5.7

Formation water as delivered — pH = 7.8.

A

In contrast to hydrochloric acid, for instance,
acetic acid (CH;COOH) was found appropri-
ate to investigate the effects of a pH decrease
of the environment without increasing the
corrosiveness of the respective formation wa-
ter, and by its buffering capacities the same
conditions were provided on the specimen
surface as in the bulk solution. By this, a pH
drop like in crevices could be simulated at the : : HIZ
entrance side of the Devanathan cell. On the f’ '
exit side, hydrogen was oxidized in 0.2 M - il
sodium hydroxide at a constant potential of — Fig. 1: Locations of the permeation specimens cut out
200 mV/SCE which was found to maintain from the S 890 weld zones — an additional specimen
. . .. was cut out from the non-affected base material.
the basic stray current density at the exit side
below 3-10° A/em? and thus, to detect even
very small traces of hydrogen evolving at the exit side. The diffusion coefficient and the subsurface
concentration were determined from the permeation curves using the procedure developed by
Dresler and Frohberg which had already been proven in previous experiments as more reliable than
the generally referred time lag procedure[4].
After the permeation experiments, each steel membrane was subjected to carrier gas hot extraction
to verify the subsurface concentrations calculated analytically from the respective permeation
curves.

| WM

~55mm HAZ

RESULTS AND DISCUSSION

Hydrogen uptake was not detected in the base material even after long term permeation experiments
with more than five days duration of exposure in original water, i.e. at a pH of 7.8. It might thus be
expected that at free corrosion (Condition 5) the welded material S890 will not take up hydrogen in
the formation water.

However, already at a slightly decreased pH of 4.3 (Condition 1), hydrogen uptake was detected
and is even more pronounced at a lower pH of 2.4 (Condition 2). This has been confirmed by sub-
sequent similar experiments [5].

As confirmed by respective carrier gas hot extraction, hydrogen enters the material at relatively low
concentrations between 0.19 ml/100g Fe and 0.51 ml/100g Fe, respectively (Fig. 2). Although these
values range at a concentration level similar to the base material, it can not be excluded that it will
be accumulated in the various weld regions assisted by welding stresses and strains and thus, might
provide a respective cracking potential [6].

The subsurface concentrations determined for the different weld microstructures at the various envi-
ronmental conditions have been assigned to Fig. 1

The typical opposite behaviour of diffusivity and solubility can generally be concluded from this
plot as compared to Fig. 3. Those microstructures revealing the lowest solubility in terms of the
subsurface concentration (Fig. 3) exhibit respectively high diffusivities (Fig. 2). As can be seen
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from Fig. 2, less hydrogen will be taken up by the weld metal as compared to the base material and
the HAZ as well as the HIZ. Obviously, hydrogen enters all microstructures with the highest con-
centrations, if the welded joint is subjected to the formation water saturated with the respective H,S-
CO, gas mixture (Condition 4). Any addition of H,S to the hydropower plant water has thus to be
regarded as very detrimental with respect to save service operation of the components. The concen-
trations varied between 2.3 and 5.5 ml/100g, dependent on the weld microstructure. Hydrogen at
somewhat lower levels, but also in significant concentrations, was taken up at a potential of —1050
mV/SCE which means that cathodic charging (Condition 3). This means that cathodic protection of
such steel welds should also be avoided with respect to safe service.

Hydrogen diffusion can best be evaluated by measuring the effective diffusion coefficient which
has been assigned to Fig. 2 for the different weld microstructures. Obviously, hydrogen is trans-
ported fastest in the weld metal and at about the factor of five slower in the base material. Such re-
sults are similar to those achieved for supermartensitic stainless steels [4, 7] and could mean that
high hydrogen concentrations taken up in the base material could be transported faster towards the
HAZ and the weld metal. In any case, the high diffusivity in the weld metal has to be considered
with respect to cold cracking avoidance.
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Fig. 2: Subsurface concentrations in the S890 weld Fig. 3: Effective hydrogen diffusion coefficients in
microstructures calculated from the permeation the S890 weld microstructures
experiments for various environmental conditions

SLOW STRAIN RATE TESTS (SSRT)

Eighteen (18) SSR tests were performed at VTT using three different nominal strain rates, i.e., 1-10°
>s11:10°s" and 1-107 5. The SSRT specimens were round tensile specimens with a diameter of
3.2mm and a gauge length of 25.4 mm. Half of the S890 SSRT specimens were base metal and half
weld metal specimens. SSR tests were carried out at room temperature in three different environ-
ments, i.e., in air, in the original water and in the original water saturated with H,S simulating the
worst case situation. The original water was saturated with H,S by bubbling continuously 100 %
H;S through the vessel.

Additional tests with round tensile bars with a diameter of 5 mm and a cylindrical length of 30 mm
in the test section were performed at MPA. The test section of the specimens as provided was ma-
chined by turning which resulted in a roughness in the range from about 6 to 14 um (R, pi). With
both material states (base material and weld metal) one test was performed in air and three in origi-
nal water at three different stain rates of roughly 10°, 10° and 107 s™'. The tests were evaluated
with regard to ultimate tensile strength (R,,), elongation at fracture (A) and reduction in area after
fracture (Z). The tests were performed with constant cross head velocity leading to the strain rates
mentioned above. Due to heavy corrosion in some cases, the marks applied on the cylindrical test
section indicating the specified length of 25 mm (5 x d) to evaluate the elongation at fracture ac-
cording to the Standard were not detectable anymore after the test, therefore, the total elongation of
the specimen was measured, related to the cylindrical length of the specimen gauge section and the
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elongation reported as A* since it is related to 6 x d and not to 5 x d as required in the Standard.
This has to be considered comparing the results with data from other laboratories or with data from
acceptance tests.

During the SSR tests the load on the specimens was measured. Also the corrosion and the redox
potentials were monitored. The pH value of the test solution was measured before and after each
test run. After the tests, the fracture surfaces and side surfaces of the specimens were investigated
using a scanning electron microscope (SEM). The amount of hydrogen in the test materials was
measured after the tests from pieces cut out from the gauge section.

RESULTS

The behaviour of the weld and base metal specimens was, in general, similar. The elongation to
fracture, reduction in area and fracture strength values of the weld metal specimens were, however,
slightly lower than those of the base metal specimens.

Air and original water

With strain rate of 1-10° s™' the S890 structural steel (base material and weld metal) showed similar
ductility values when tested in the original water and in air, Fig. 4. A slight decrease in ductility was
observed when tested in the original water with the slowest strain rate of 1-107 s'. This indicates a
trend of decreasing ductility with decreasing strain rate in the original water. The fracture mode was
still ductile, Fig. 7. Correspondingly, the hydrogen content of the test specimens showed an increas-
ing trend with decreasing strain rate, Fig. 5. This indicates that the hydrogen content of the S890
structural steel specimens increases as the exposure time of the plastically deformed specimens in
the original water increases (Fig. 6). The corrosion potentials of the electrically isolated specimens
in the original water were between -400 mV and -500 mV(SHE). The pH value of the original water
was around 8.

As commonly anticipated, the environment has only minor effect on the ultimate strength but de-
creases significantly the elongation at fracture and the reduction in area. It clearly indicate the sus-
ceptibility to cracking in water environment causing in particular a drop in the reduction in area
from 58 % (air) to 29 % (water) at lowest strain rate in case of the base material and from 56 % (air)
to 23 % (water) in case of the weld metal, correspondingly, Fig. 4.

Failure in form of multiple thumbnail-like very small cracks initiated in general at locations with
high micro stress concentrations (grooves resulting from the turning process) and finally integral
failure of the specimen occurred. In the small area of thumbnail cracks the predominant failure
mode was a transgranular fracture with brittle appearance and in particular in the base material test
at the lowest strain rate a high portion of intergranular cracking was found, whereas in the weld
metal specimens no intergranular cracks were observed. The fracture appearance in the core of the
specimens was in all cases transgranular with pronounced dimples.

H,S saturated original water

The SSR tests performed in the H,S saturated original water produced brittle, mainly intergranular
fractures (Fig. 8), instead of ductile fractures observed in the original water tests. The ductility val-
ues decreased dramatically with all the applied strain rates and a minimum in ductility was observed
at the strain rate 1-10° s™, Fig. 4.

A minimum was also observed in the fracture strength values at the strain rate 1-10° s, It was also
noted that at the lowest strain rate 1-107 s™ the fracture strength values were almost the same than
those observed in the original water SSR tests. However, it must be bared in mind that crack initia-
tion in SSR tests has also statistical features and in this study no parallel tests were conducted.
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In contrast to the tests performed in original water, the tests in H2S saturated water revealed, that
the hydrogen content in the base and weld metal specimens decreased as the strain rate decreased
showing the lowest hydrogen content when tested with the lowest strain rate 1-10” s, (Fig. 5). This
might be due to a formation of a surface layer that may slow down the hydrogen absorption into the

metal.

During SSR testing the corrosion potentials of the specimens were approximately -400 mV(SHE)

and the pH value after testing was 5.7.
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Fig. 4: Reduction in area of the structural steel S890 base metal (G) and weld metal (S) specimens tested in air
(green), original water (blue) and H,S saturated original water (red) with different strain rates.
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Fig. 5: Hydrogen content of the structural steel
S890, S690 and P355NL1 specimens tested in origi-

nal water as a function of time to failure.
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Fig. 6: Hydrogen content of the structural steel S890
base metal (squares) and weld metal (circulars)
specimens tested in the original water and in the
H,S saturated original water with different strain
rates. The average hydrogen content of the speci-

mens tested in air is also presented.

The extended exposure time and simultaneous plastic deformation may both enhance the hydrogen
absorption in the original water without H,S. Fig. 6 indicates that the measured hydrogen contents
of all the test materials show an increasing trend in the original water with increasing exposure
time, i.e. decreasing strain rate. The results also showed an increasing loss of ductility with decreas-

ing strain rate in the original water.
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Fig. 7: Ductile fracture surfaces of a base metal Fig. 8: Fracture surface of weld metal specimen
specimen after test performed in original water tested in H,S saturated original water using a strain
using a strain rate of 1.107 s™. rate of 1.10%s*

CRACK INITIATION ON SMOOTH SAMPLES

MATERIALS AND SPECIMEN

Three sets of three point bending test were performed to determine the susceptibility of steel S890
to the initiation of SCC in different environments (original water, simulated pore electrolyte of the
surrounding concrete of the shaft). The three point bending specimens were machined from a weld
procedure qualification sample according to the dimensions given in German standard DIN 50915.
Each set of bending tests utilised a set of 3 x 3 different specimens, i. €. 3 specimens stemming
from the base material, 3 specimens having the fusion line in the middle (HAZ specimen) and 3
specimen having the weld line in the middle (weld line specimen). Thus a total number of 9 speci-
mens was utilised for each set of bending tests.

Six four point bending (4PB) specimens (5x20x200 mm) were manufactured crosswise from the
S890 structural steel welded seam and prestressed to elastic and plastic regions. The 4PB specimens
were placed in a 20 litre vessel at VTT filled with the original water and saturated with H,S by bub-
bling continuously 100 % H,S through the vessel. The exposure time was 500 hours. During expo-
sure performed in H,S saturated original water the pH value decreased for more than one unit (7.7
to 6.3) and the conductivity of the water slightly increased.

EXPERIMENTS

The first set of three point bending specimen was loaded in purely elastic regime to simulate the
maximum allowable membrane stress of the shaft of o = 623 MPa. The second and third set of
three point bending specimens was loaded into plastic regime after the guidelines given in German
standard DIN 50915. The first and second set of specimens were exposed to the original water. The
third set was exposed in an intentionally alkaline solution using original water and sodiumcarbonate
(NayCOs) to adjust a pH-value of 12. Additionally chlorides (NaCl) were added to the solution to
simulate the pore electrolyte of the surrounding concrete of the shaft with approximately 100 ppm
Chloride.

Each set of specimens was exposed to the different media utilizing tubs. Each tub was connected to
an external circulation pump to maintain a homogeneous distribution of dissolved oxygen content
under atmospheric equilibrium in the solutions. The tubs were filled with adequate volumes of the
test solutions and were covered with plastic foils to prevent contaminations of the test solution with
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dust, etc., but allowing the ingress of air. Small losses of water due to evaporation were compen-
sated by additions of high purity water.

The corrosion behaviour of all bending specimens was monitored by weekly inspections using a
stereoscope. Therefore the specimens were cleaned in an ultrasonic bath in deionised water and
additionally in acetone. The findings on the corrosion behaviour of each specimen were docu-
mented over the whole duration of the experiment. The time of exposure was 2600 hours (setl) and
1600 hours respectively.

For post test characterisation all specimens were disassembled from the specimen holders, cleaned
and visually inspected. Since all specimen of each set showed the same corrosion attack, three
specimens (base metal, HAZ, weld line) were selected arbitrarily from each set and prepared for
metallographic examination.

RESULTS

No indications of initiation of SCC were found on all 3PB specimens of all three sets of exposure
tests. The specimens exposed to original water showed in the early stages of the experiment a more
localized but uniform attack (weld seam) but later on the corrosion attack transisted clearly to uni-
form corrosion. The findings of the specimen exposed to the alkaline solution (set 3) were interest-
ing. The specimens were passivated spontaneously at the beginning of the experiment due to the
high pH-value of the test solution. So practically no uniform corrosion was observed on the speci-
mens. After 2 to 3 weeks of exposure the initiation of metastable pitting was observed, but non of
the initiated pits grew. So no severe pitting was observed on the specimens and especially no chlo-
ride induced SCC due to the acidification of the pore electrolyte in a pit.
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Fig. 9: Cross-section of the broken 4PB specimen and its hardness profile near the surface. Welded seam is on
the left-hand side and base metal on the right hand side in the image.

After exposure test in the H,S saturated original water the S890 4PB specimens were covered with a
dark surface layer. Only the specimen having the highest actual deformation had broken during the
exposure test. The main fracture occurred in the heat-affected zone and also secondary cracking had
taken place. The fracture mode was mainly intergranular, but also some transgranular areas were
observed. No cracking was observed in any of the other specimens. The hardness measurements
along the cross-section of the broken 4PB specimen showed a maximum value of 400 HV10 in the
heat effected zone, i.e., at the fracture location, Fig. 9. The hardness of the base metal was 350
HV10 and that of the undermatched weld metal was 200 HV10.
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PRECRACKED SAMPLES

COMPACT TENSION TESTS

MATERIAL AND SPECIMEN

To describe the crack growth behaviour of steel S890 in original water from the water reservoir,
five series of crack growth experiments were performed at FANP using a daisy chain arrangement
each with two fatigue pre-cracked CT25-specimen in one test. The CT-specimens were either ma-
chined from samples of welding procedure qualifications or from original material taken from the
pipe in Cleuson-Dixence. Each tandem arrangement of CT-specimens consisted of one base mate-
rial and one weld material specimen respectively.

The machining of the CT-specimens was done according to international standard ASTM E-399-90.
All CT-specimens were per-fatigued in air using a high pulsing machine to a ratio of crack length to
specimen length of a/W = 0.5. The applied load amplitude during the pre-fatiguing procedure was
in all cases smaller than the load applied at the beginning of the adjacent performed crack growth
experiments. All specimens were tested in the as delivered condition. Thus no heat treatment was
applied on the tested material to relief residual stresses due to the welding and rolling process of the
sampling material.

EXPERIMENTS

The on-line crack growth of the CT-specimens was monitored by the reversed direct current poten-
tial drop method (DC-PD-method). The CT-specimens were mounted in a corrosion test cell of ap-
proximately 10 liter volume and connected to the tensile testing machine. Electrical isolation was
ensured by spacers made from zirconia oxide and PTFE. The special corrosion test cell was filled
with adequate volumes of an original water sample taken on site at Cleuson-Dixence right before
starting a crack growth experiment. The water in the test cell was circulated using an external circu-
lation pump. The circulation was adjusted to a flow rate of about 10 I/h to avoid any inhomgenities
of the dissolved oxygen concentration in the test solution. Thus a saturated oxygen concentration in
the test solution (dissolved oxygen (DO)) under atmospheric conditions was maintained (DO ~ 8
ppm). Small losses of water due to evaporation in the test cell were compensated by adding high
pure deionised water.

The crack growth experiments were executed by loading the CT-specimens to a calculated initial
value of the stress intensity factor (SIF) of about 60 MPa\Vm under constant load conditions, assum-
ing a homogenous crack length at the initial crack tip. This first load phase was followed by a cas-
cade of constant load phases with stepwise increasing SIF of about 5 MPaVm. Unless no crack
growth was observed on either of the specimens under constant load conditions the next load step
was applied after a duration of at least three days. The experiments were stopped after reaching a
predefined SIF or cracking of the CT-specimen due to mechanical overload. All calculations of SIF
or specimen loads were done using the equations given in standard ASTM E-399-90.

For comparing the results derived from tests in original water additional crack experiments in air
were performed applying the same constant load program as described above.

For post-test characterisation all specimens were embrittled in liquid nitrogen and opened by cleav-
age fracture (laboratory crack). The fracture surfaces were examined by the use of light and electron
microscopy. The fracture surfaces of all specimens were examined in the original state and after
cleaning applying the Endox method[8].

Furthermore two test series of fracture mechanics tests were performed using fatigue pre-cracked
C(T)25 specimens at MPA Stuttgart. One set of tests was carried out with 4 specimens in a daisy-
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chain in which the specimens had different pre-crack length to achieve different stress intensity fac-
tors (Kj) under the applied load. The specimens were instrumented using the electrical potential
drop method for online crack growth measurement and were then exposed to original water for
about 1000 h.

The effective SIFs were recalculated by measuring the average crack length of the corresponding
load step.

RESULTS AND DISCUSSION

Crack growth experiments in original water

For a compact and comprehensive description of the results of the crack growth experiments only
the results derived from the original material are given. The results derived from specimens ma-
chined from welding procedure qualifications coincide quite well with the results presented here
and prove the reproducibility of the performed test program.

No significant crack advance during the exposure time of the specimens could be observed. Crack
advance was only noticed while cyclic loading after the required recalibration procedure of the load
cell of the tensile testing machine. Another slight crack advance was noticed at the end of the ex-
periment (K; = 90 MPaVm) in the weld metal specimen, when ligaments cracked, built due to the
high inhomogeneous residual stresses in the specimen.

The microstructures of the crack surfaces showed only features of fatigue cracking, ductile cracking
of the ligaments or brittle cracking of the laboratory fracture. No features of SCC or hydrogen in-
duced cracking were found.

Fig. 10: Macroscopic overview of crack surface of weld metal specimen after exposure in original water.

Fig. 10 to Fig. 14 give a macroscopic and detailed view on the microstructures of the fracture sur-
faces of the weld metal specimen. Fig. 10 shows a relative strong curved crack front. Those liga-
ments cracked during the last and highest load phase of the experiment, when an effective SIF of
about 86 MPaVm was applied to the specimen. The cracked ligaments show typical structures of
ductile cracking (see Fig. 14).

The actual stress intensity factor of the four specimens was 90.1, 85.4, 79.8 and 77.3 MPaVm. Dur-
ing the test, the potential drop measurement gave no indication for any crack growth. The fracto-
graphic investigation of the fracture surface showed that adjacent to the fatigue pre-crack there is
only a very small stretched zone, resulting from the opening of the specimen at low temperature,
followed by the cleavage fracture and thus the investigation confirmed the result of the potential
drop measurements that no crack extension occurred under the applied test conditions, Fig. 15.
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The conclusion which could be drawn from these tests is that under the applied conditions of load
and environment both, the base metal S890 and the weld metal is not susceptible to stress corrosion
cracking under original water conditions.

Fig. 11: SEM overview of fracture surface of weld Fig. 12: Detailed microstructure of facture surface

metal specimen after exposure in original water. of weld metal specimen. Upper left section: cleavage
fracture (laboratory crack), middle section: fatigue
crack from cyclic loading during experiment, lower
right section: fatigue pre-crack.

Fig. 13: Detailed microstructure in the vicinity o the Fig. 14: Microstructure of cracked ligament: ductile
crack tip. Upper left section: cleavage fracture fracture.

(laboratory crack), lower left section: In-situ fatigue

crack due to cyclic loading of the specimen during

the experiment.

The formation of ligaments and arched crack fronts was mainly observed on weld metal specimens
and can be explained by an inhomogeneous distribution of residual stresses due to the welding
process. Nevertheless the criteria to analyse and evaluate the specimen were fulfilled according to
standard ASTM E-399-90.

The presented experiment on CT-specimens exposed to original water under free corroding condi-
tions showed no crack growth up to SIFs of 86 MPaVm (weld metal) and 89 MPa\m (base metal)
respectively under constant load conditions.
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cleavage fracture

stretched zone

fatigue pre-crack

Fig. 15: Fracture appearance in the vicinity of the fatigue pre-crack of the C(T)25 specimen after exposure to
original water for 1 000 h at a stress intensity factor of about 80 MPa m

Crack growth experiments in air

To compare the crack growth behaviour of steel S890 in water with the crack growth behaviour in a
nominal inert medium, additional experiments were performed in air. The experiments were done
applying the same experimental setup and load program as for the tests under water environment
condition, apart from the use of the corrosion test cell. The specimens were stepwise loaded to
maximum effective SIF of 120 MPaVm. No crack advance was found on all tested specimen.

WEDGE OPENING LOAD TESTS

MATERIAL AND SPECIMEN

Twentyfour WOL-25X specimens were manufactured at FANP from a weld procedure qualifica-
tion sample (12 weld metal and 12 base metal specimens). In this weldment, the steel S890 was
welded with welding consumbable of type S690. The specimens were pre-fatigued in air similar to
the method describe for the CT-specimens. Half of the WOL-specimens were loaded to a stress in-
tensity factor (SIF) of 70 MPaVm, and the other half to a SIF of 80 MPa\m using screws, a clip-on-
gauge and a tensile testing machine. A set of 12 arbitrarily selected WOL-specimens was sent to
VTT for testing in H,S saturated water. The remaining specimens were used for exposure tests in
original water. For post test examination the specimens were embrittled in liquid nitrogen and
opened. The fracture surfaces were examined by the use of light and scanning electron microscopy.

EXPERIMENTAL RESULTS, ORIGINAL WATER

The WOL-specimens were exposed to original water in the same way as described for the bending
test specimens. The specimens were inspected every third day of the exposure. Scalings had been
engraved on both side faces of each specimen. So an eventual crack advance could be easier de-
tected. The specimens were exposed for 44 days in original water.

None of the passive loaded WOL-specimens in original water showed crack advance. Only uniform
corrosion was detected on the fracture surfaces exposed to original water.

EXPERIMENTAL RESULTS, H,S SATURATED ORIGINAL WATER

The WOL-X specimens experienced the same testing conditions as the 4PB specimens at VTT since
they were simultaneously tested in the same vessel.
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After exposure test in the H,S saturated original water the S890 WOL-X specimens were covered
with a dark surface layer. On 6 samples severe cracking was observed, but the cracking was ob-
served only in the base material regions of the samples (Fig. 16).

Fig. 16: macroscopic view of the CT specimens after exposure in H2S saturated water.

The scanning electron microscope (SEM) studies showed that environmental assisted cracking had
taken place in all the base metal WOL-X specimens. Both, intergranular and transgranular fracture
features were found. In the undermatched weld metal WOL-X specimens no environmental assisted
crack growth was observed. In some of the base metal specimens crack growth occurred perpen-
dicular to the prefatigue crack plane and in some of the specimens cracking had initiated also from
the bolthole. The crack extension in the base metal WOL-X specimens during the exposure test var-
ied between 4.0 and 6.6 mm. No effect of the stress intensity factor on the crack growth was noted.
In the base and weld metal WOL-X specimens prefatigue crack branching was observed. Some of
the precrack branches have grown during the exposure test in the base metal specimens.

SUMMARY

= Tests were performed in several different media to simulate different environmental condi-
tions.

= At free corrosion, no hydrogen uptake in the weld microstructures from the as delivered
formation water in its natural condition (pH = 7.8) could be observed. Hydrogen assisted
stress corrosion cracking appears thus unlikely at such conditions. At decreased pH levels of
the formation water down to 4.3 and 2.4, respectively, hydrogen uptake at low concentra-
tions ranging at those for the as delivered base material was observed. This generally shows
that hydrogen uptake of steel type S890 from a certain environment cannot be excluded.
Hence a save surrounding (e.g. concrete, which is basic) has to be assured. In this context it
has to be emphasized that a concrete surrounding of the shaft provides at least at the outside
basic conditions and thus lower the risk of hydrogen uptake.

= At a cathodic potential of —1050 mV/SCE and, in particular, at free corrosion (pH = 5.7), if
H,S is present, hydrogen is taken up at significant concentration levels in the formation wa-
ter. The presence of H,S and the cathodic coupling or protection of the S890 weld micro-
structure should thus generally be avoided.

* In all the SSR tests performed to structural steels S890 in air and original water ductile frac-
tures were observed. In original water, however, a slight reduction in ductility and increase
in the hydrogen content were observed with decreasing strain rate. This indicates that under
plastic deformation the hydrogen content of the structural steels studied increases as a func-
tion of time resulting in slight reduction in ductility at long exposure times in the original
water.
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= Consistent to hydrogen uptake observed in the permeation experiments, structural steels
S890 experienced catastrophic loss of ductility in the SSR tests performed in the H,S satu-
rated original water. This shows that simultaneous exposure to H,S saturated original water
and continuous plastic deformation result in environmentally assisted cracking in the struc-
tural steels.

* In the constant load exposure tests with the S§90 WOL-X specimens environmental assisted
crack growth was observed in the base metal having hardness of appx. 350 HV10 and with
the 4PB specimens in HAZ having hardness of appx. 400 HV10. No environmentally as-
sisted crack growth took place in the undermatched weld metal having hardness of appx.
150 HV10.

* From the above described crack growth experiments on weld metal and base metal of the
steel S890 the following conclusions can be deduced:

0 No significant influence of the original water on the crack growth behaviour of mate-
rial S890 could be detected for base and weld material.

0 Only features of uniform corrosion were found on fracture surfaces exposed to origi-
nal water.

0 Crack growth was only noticed when extremely high stress intensity factors (> 120
MPaVm) were applied to the specimens. The post test characterisation of the fracture
surfaces showed for those parts typical features of ductile tearing.

0 The crack growth experiments in air showed that the critical stress intensity factor of
material S890 is above the value of 120 MPavm.

0 The crack growth experiments on original material samples from the shaft of
Cleuson-Dixence showed no crack advance up to values of the stress intensity fac-
tors of 89 MPavVm.

0 No indications were found showing typical features of stress corrosion cracking for
all investigated fracture surfaces of all tested specimens.

0 No stress corrosion cracking initiation could be found on three point bending speci-
mens loaded to the regime of plastic deformation after the exposure in original water
and a alkaline simulated pore electrolyte solution. Only features of uniform corrosion
and shallow pit formation were found on the specimen after exposure in water. The
general corrosion attack on the specimen was relatively low.

0 The risk of chloride induced stress corrosion cracking in chloride containing alkaline
solutions (pore electrolyte) is obviously also relative low for material S890.

CONCLUSION

= SAW and SMAW welds are highly sensitive for forming of hydrogen induced cold cracking
in weld material.

= Base material weldability is satisfactory (Dillinger, Thyssen).

= Principally S890 shows significant general corrosion under original (aerated) water (~ pH7)
conditions

= SSRT tests revealed a principal susceptibility to hydrogen induced embrittlement. The effect
of water is, compared to that of air relatively small. No signs of 1G-fracture surfaces could
be observed.

= Under H,S saturated water in all cases the fracture occurred general in the elastic regime
under intergranular-fracture appearance (H-induced stress corrosion cracking)!

= In CT-tests no H induced SCC could be observed — neither under constant load (up to 1000
h exposure) nor under stepwise increasing load conditions under water. Crack growth could
only be observed caused by mechanical tearing not by SCC mechanisms (proved by SEM
investigations).
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= SSRT-Tests under original water and under H,S sat. water revealed that S890 and its SAW
weldments are principally, under extremely severe circumstances, sensitive to H induced
SCC.
= In controlled and well-documented CT tests under water no H induced SCC caused crack
initiation (Kjs) and/or crack growth (da/dt) could be observed in 12 tests. These results
were verified by microfractographical investigation, which are the final and valid prove to
confirm checking the mechanism of crack growth.
= Steel grade S890 can principally be used when the following boundary conditions unre-
stricted can be fulfilled:
0 Keeping the design stresses as low as possible
0 Assuring crack free welds by strict QA measures and optimised automatic NDT
0 Control of keeping inside the maximum agreed design limits under all conditions of
design, assembling and service conditions (incl. emergency)
0 Strict H-control of welding processes and NDT to prevent cold cracking
0 NDT procedures adjusted to the tolerable crack sizes has to be applied
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