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ABSTRACT

A high Nickel based dissimilar metal weld (Alloy 182), known for its susceptibility to Primary Water Stress
Corrosion Cracking (PWSCC), was investigated by fracture toughness tests in the ductile regime. One of
the key inputs for the structural integrity evaluation of components is determined by the maximum
acceptable defect size that is based on the crack growth rates from fracture toughness specimens. Extensive
testing programs were carried out over the last years at SCK CEN and elsewhere and a large scatter of
results is reported in literature. The scatter is related to the heterogeneous nature of the weld material, but
no full explanation is available yet. An overview of the obtained results is given as a function of the test
temperature, the specimen orientation in the weld and the post-weld heat treatment (PWHT).

EXPERIMENTAL

A dissimilar metal weld (Alloy 182) available from a RPV (Reactor Pressure Vessel) component that was
never put into operation was selected. An overview of the component in the as delivered state can be seen
in Figure la. The investigated weld is marked with a black arrow in Figure la. Figure 1b shows the
metallographic cross-section of the investigated weld. The right side of the picture represents the RPV side
and the left side the stainless steel safe end. Between the actual Alloy 182 weld and the RPV material a
buttering layer was deposited on the carbon steel nozzle (slightly darker region between RPV and weld
material in Figure 1b). The chemical composition of the investigated weld material is given in Table 1.
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Figure 1. (a) component and (b) macroscopic view of the dissimilar welds, showing the weld beads and
buttering layer after polishing and etching.
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Table 1. Chemical composition of the investigated weld material in wt%.

Fe Cr Mn Ti Nb Ta Si Ni
Alloy 182 9.9 14.7 6.7 0.33 1.07 0.022 0.5 Bal.

Fracture toughness tests were performed according to the ASTM E1820 standard (ASTM 2018) with 0.5T-
CT (Compact Tension) and mini-CT (0.16T) sized samples. A schematic view of sample extraction and
orientation can be found in Figure 2. Figure 2a shows the extraction of 0.5T-CT samples from a slice of the
component and Figure 2b shows the extraction of mini-CT samples from the larger 0.5T-CT sample.
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Figure 2. a) Schematic of sample extraction and orientations, b) extraction of mini-CT samples from
0.5T-CT sample.

Except for two samples, where the pre-crack was produced by a stress corrosion cracking (SCC) procedure,
all samples were fatigue pre-cracked. After each fracture toughness test, the specimen was oxidized at 330
°C for four hours to create discoloration of the existing cracks. Subsequently, a post-test fatigue crack was
created to clearly reveal the transition between the ductile extended crack front and the final rupture of the
specimen. As a result the different cracking zones (fatigue pre-crack, ductile crack extension during testing,
post-test fatigue crack, final rupture) could be clearly distinguished from each other. None of the tests
showed a crack front that is completely straight. This is related to the fact that a specimen typically contains
several weld beads and due to the heterogeneous nature of the weld metal the fatigue pre-crack can be
irregular. Examples for such irregular pre-cracks can be found in Figure 3. For the fracture toughness
analysis three techniques following the ASTM standard (unloading compliance (UC), potential drop (PD),
the normalization data reduction (NDR)) were applied together with the SCK CEN in-house Energy
normalization (EN) technique (Chaouadi 2004). The given fracture toughness values are the arithmetic
average of all four methods. In some cases not all methods resulted in proper values. Then the average is
calculated from the remaining values. Fractography on selected broken samples was done by using a
Jeol 6610LV scanning electron microscope. The test temperatures were chosen so that they either represent
ambient temperature during outage or elevated temperatures in the cold leg (~290°C) or hot leg (~330°C)
water temperature during operation.
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Figure 3. Typical fracture surface examples of side grooved CT samples with non-uniform pre-crack front
for low and high fracture toughness values.

RESULTS

Figure 4 shows a summary of the gained ductile fracture toughness values Jq as a function of the test
temperature. At room temperature as well as at higher temperatures a significant scatter is obvious (Figure
4). Especially at room temperature this scatter is large and ranges from less than 100 kJ/m? to almost
1000 kJ/m?2. In the current work CT’s with SCC pre-crack exhibit comparatively high toughness values
(Figure 4). No significant difference between the mini-CT’s and the 0.5T-CT specimens can be identified.
Fracture toughness values of specimens which received a Post Weld Heat Treatment (PWHT) tend to be
higher when compared to specimen without a PWHT. This could indicate towards a beneficial effect of
PWHT. However, the available data at this point is not enough to make a statistical sound statement.
When only considering fatigue pre-cracked specimens, a small difference between the T-S and T-L
specimen orientation can be noticed. Both at room temperature and at high temperature, the T-L oriented
specimens exhibit a slightly higher ductile fracture toughness.

1000
®
900 A © 0.5CT (T-5)
® 0.5CT (T-L
500 SCC pre-crack VI=E)
mini CT (T-S)
70 v * mini CT (T-S) + PWHT
L ]
600
£ -
) 500 P
o .
400
[ ]
@
300 = . .
= [ ]
200
-
100 ’
0
0 50 100 150 200 250 300 350

Temperature (°C)

Figure 4. Fracture toughness (Jq) of Alloy 182 as a function of the test temperature. Fracture surfaces of
the samples marked with horizontal black arrows are shown in Figure 5.
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In order to further investigate the reasons of the large scatter, the fracture surfaces of several broken
samples were analysed with a scanning electron microscope. Figure 5 compares two representative fracture
surfaces from a sample with high fracture toughness (a, J =541 kJ/m?) and a sample with low fracture
toughness (b, J = 117 kJ/m?). The sample with high fracture toughness shows a fully ductile fracture surface
where the typical ductile dimples are clearly visible (Figure 5a). The sample with low fracture toughness
shows in contrast mainly intergranular features with a minor amount of ductile (dimpled) fracture (Figure
5b) as shown by the white marked regions.

Figure 5. Comparison of fracture surfaces from a) a sample showing high fracture toughness
(J =541 kJ/m?) and b) a sample showing low fracture toughness (J = 117 kJ/m?). The white dotted lines
mark regions with ductile dimples.

The graph in Figure 6 compares data from the current work with available literature data. Large scatter is
observed at all test temperatures, albeit that the lowest fracture toughness values are only present at room
temperature.
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Figure 6. Comparison of fracture toughness data of Alloy 182 with data from literature at temperatures
between 25 °C and 340 °C; the two red dots in the left upper corner represent tests results with SCC pre-
crack; all the other results were obtained with a fatigue pre-crack (Jang, et al. 2008, Ogawa, et al. 2012,
Rathod, et al. 2017, Mills und Brown 2001, Ahonen, et al. 2013, Ahonen, Ehrnstén und Hanninen 2010, J.
Lee und Jin 2007).
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CONCLUSION

Fracture toughness tests with 0.5T-CT and mini-CT specimens made from the weld metal Alloy 182 were
carried out. The mini CTs were machined from the remains of prior tested 0.5T-CT specimen. The main
aim of the work was to investigate a possible cause for the large data scatter in fracture toughness test
results. From the gained data it can be concluded that the large scatter is most probably related to materials
inhomogeneity often observed in weld metals. Although it seems that the dendrite orientation does play a
role, a detailed explanation is not yet available and requires further investigations.

Alloy 182 is susceptible to a degradation phenomenon called Low-Temperature Crack Propagation (LTCP).
This is associated with spurious hydrogen and can result in very low values of the fracture toughness.
Hydrogen can be introduced in the material during Electro Discharge Machining (EDM). As all the
specimens have been produced by EDM at least a significant portion of them should show low fracture
toughness values. As this was not the case, LTCP is ruled out as possible cause for the measured low
fracture toughness values.

For all the specimens that were exposed to a PWHT heat treatment, both the current data as well as from
literature (Ogawa, et al. 2012), comparatively high fracture toughness values were found. However the total
number of tests is too limited to substantiate this and more tests are required for a statistically sound
statement.

No clear effect was found on the fracture toughness values with respect to the specimen position in the
weld. The fracture toughness in the T-L orientation is slightly higher than in the T-S orientation. The
fracture toughness values range between 72 and 1000 kJ/m? at room temperature, while the fracture
toughness at temperatures above 300°C varies between 230 and 800 kJ/m?. The PWHT is representative
for the stress relief treatment applied to the reactor pressure vessels after welding of the safe-end welds.
The PWHT specimens showed a significantly higher fracture toughness than non-heat treated samples.
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