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Abstract 
 
Constant-displacement bolt-loaded compact tension specimens of Nickel-
based Alloy 52 were exposed to boiling water reactor environment for 12 years 
and then in cold shutdown water environment for a further 3 years in a 
Swedish nuclear power plant at a stress intensity factor of 20 MPa√m. Follow 
decontamination and specimen opening, unexpected crack extensions of 3–
4.5 mm were observed. The fracture surface and the cross-sectional 
deformation microstructure were examined by electron microscopies 
techniques up to nanoscale. The dominant fracture mode is transgranular 
along the close-packed {111} planes. Extensive shear bands were observed in 
vicinity of the crack tips, revealing localized plasticity. Hydrogen reduces 
stacking fault energy, results in localized plasticity and enhances shear bands 
formation. Low temperature crack propagation with evident effects of hydrogen 
was considered as the potential cause of the crack propagation in Alloy 52 
without external dynamic loading in cold shut down water chemistry. The 
project promotes knowledge transfer, improves nuclear materials and fracture 
mechanics competence and strengthens the connections and experience 
exchange between the Nordic research organizations, universities, industries, 
authorities, and especially the young generation. The project deals with 
structural integrity, long-term operation, and ageing management, which are 
relevant for both present and future nuclear power plants. The technical results 
provide a basis for assessment of long-term operation for the Finnish and 
Swedish nuclear power plants for both the operators and the regulatory 
perspectives. Dissemination through the peer reviewed publications and the 
oral presentations at the international conferences ensured the knowledge 
exchange in international and Nordic networks. 
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1. Introduction 

 

Nickel-Chromium based alloys offer a good combination of corrosion resistance and ductility, 

with a thermal expansion coefficient in-line with the structural materials being welded. 

Nickel-based filler metals are routinely employed as weld materials in power generation 

systems to join bainitic/ferritic LAS reactor pressure vessel with austenitic stainless steel 

pipes. It can become a concern for the structural integrity in nuclear power systems, structures 

and components since several failures have been observed in such welds in nuclear power 

plants (NPPs). Moreover, Nickel-Chromium based welds have been suggested to be sensitive 

to a sub-critical brittle crack propagation in a low temperature aqueous environment termed 

low temperature crack propagation (LTCP). This problem can be of high relevance when a 

reactor goes through a shutdown phase or an extended outage. 

 

Constant-displacement bolt-loaded compact tension specimens of Nickel-based Alloy 52 were 

exposed to boiling water reactor (BWR) environment for 12 years and then in cold shutdown 

water environment for a further 3 years in a Swedish nuclear power plant at a stress intensity 

factor of 20 MPa√m. Follow decontamination and specimen opening, unexpected crack 

extensions of 3–4.5 mm were observed on the specimens. The fracture surface and the cross 

sectional deformation microstructure were analyzed at nanoscale with analytical electron 

microscopy to reveal the underlying cracking mechanisms. The intrinsic interactions of 

microstructure and hydrogen and the resulting localized deformation were discussed. The 

implications, relevance and precautions of LTCP for a reactor in a shutdown phase or an 

extended outage were addressed. 

 

As a part of the NKS-R program in 2025, VTT, Chalmers University of Technology, 

Ringhals, OKG, and KTH have continued to study the microstructural properties and fracture 

mechanical performance of an Alloy 52 weld. The project deals with structural integrity, 

long-term operation, and ageing management, which are relevant for both present and future 

nuclear power plants. The technical results provide a basis for the assessment of long-term 

operation for the Finnish and Swedish nuclear power plants for both the operators and the 

regulatory perspectives. 

 

There are active involvements of young scientists in NKS-FEMMA. The work is mainly 

executed by three PhD students Noora Hytönen, Laura Sirkiä and Timo Veijola. Young 

scientists or postdocs, David Mayweg, Armin Halilovic and Pedro Ferreiros are the main 

working group. A Master Thesis student Anni Li was hired at KTH. Additionally, young 

engineers and researchers at TVO, KTH, Forsmark, STUK, OKG, Ringhals, Chalmers and 

VTT are following the progress of the work in the project meetings and seminar/workshop 

organized by NKS-FEMMA. This enables knowledge retention and transfer to the young 

generation of researchers at all participating organizations. Developing and maintaining the 

knowledge of DMW-related issues is vital for the Nordic nuclear power industry. NKS-

FEMMA creates a unique opportunity to keep close contacts between researchers and nuclear 

industry.  

 

NKS-FEMMA project achieves high standard of academic excellence. One journal article 

from NKS-FEMMA project was published in Corrosion Science. Additionally, oral 

presentations on the NKS FEMMA 2025 project were delivered in the ICG-EAC meeting, 

NKS Seminar, Environmental Degradation conference and EPRI Alloy 690/52/152 Primary 

Water Stress Corrosion Cracking Research Collaboration Meeting. 
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2. Experimental 

 

The specimens precracked and bolt loaded to 20 MPa√m were exposed in vessels, where the 

reactor water flows through the loop at a rate of 0.2 kg/s. The electrochemical potential (ECP) 

of the plant hydrogenated water chemistry (HWC) is around –300 mV/SHE. The hydrogen 

charging of the feedwater can be up to 0.5–1.5 ppm to keep the ECP measurements that are 

taken in recirculation loop and main circulation loop below –230 mV/SHE. The temperature 

and pressure in the test loop were the same as in the reactor pressure vessel, i.e. 275 °C and 7 

MPa. The specimens were exposed to hot hydrogenated water during 2001 to 2013 with a 

total of 81702 h. The reactor was completely shut down in 2013. The test loop and water 

circulation system were exposed to shutdown water chemistry during 2013–2016. After the 

shutdown, the hydrogen addition was stopped. There is no circulation during the cold period 

since the valves were closed. The temperature at the autoclave is suspected to be around 30–

40 °C in the post-shutdown periods. The specimens were opened after the exposure first by 

fatigue and then overloading. The optical microscopy images in Figure 1 reveals a black-color 

pre-fatigue area and a brown-color crack extension area. With a faster oxide film growth rate 

at high temperatures due to faster kinetics, the pre-fatigue region exhibits a thicker and thus 

darker oxide under optical microscopy. The darker pre-fatigue region was supposed to go 

through the reactor operation periods and also the cold shutdown period while the lighter 

crack extension region merely occurred during the final cold period. 

 
Figure 1: The optical microscopy images of specimens. 

 
3. Fractography investigations 

 

The SEM images of fractography are shown in Figure 2. The pre-fatigue region reveals a 

much whiter contrast under the backscattered electron detector, which is due to the thicker 

oxide layers formed on pre-fatigue region during the high-temperature reactor operation 

periods. It reveals that the cracked region exhibits a similar contrast in brightness as the post-
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exposure region with ductile tearing under the backscattered electron detector, which 

demonstrated that the crack extension region merely occurred during the cold shutdown 

period. SEM observations of the fracture surfaces of cracked region showed a transgranular 

fracture mode. 

 
Figure 2: The SEM images of fractography on specimen #1 and the transition line between 

fatigue pre-crack to cracked region. (a, b and d) images by backscattered electron detector; (c, 

e) images by secondary electron detector.  
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4. Cross-sectional investigations 

 

The cross-sectional SEM and EBSD images are shown in Figure 3. As shown in Figure 3(d), 

extensive secondary cracks were formed in crack-extended region. A very thin oxide layer 

was observed (the thin-region adjacent to the crack with black contrast in Figure 3(e-g)), 

particularly in the crack-extended regions, which confirms the decreasing ECP during the 

cold period. Localized deformation with extensive formation of shear bands in cracked 

extended region were observed, particularly ahead of the crack tips (Figure 3(h-i)). 

 

In general, the plastic deformation is not localized beneath the main cracked surface, as 

shown by the cross sectional EBSD aligned with (in Figure 3(b-c)) the crack growth direction. 

It demonstrates that plasticity is only localized ahead of the crack tips, where extensive shear 

bands and nano-twins were formed.  

 

 
Figure 3: The cross-sectional SEM and EBSD images of specimen #2. The cross sectional 

was prepared aligned with the crack growth direction. (a, d-g) images by backscattered 

electron detector; (b, h) IPF figures; (c, i) KAM figures. 

 

5. Discussions 

 

The absence of an intergranular fracture mode in this study can be explained by a limit of 

hydrogen accumulation at grain boundaries. The transgranular fracture mode indicates that the 

predominant hydrogen embrittlement in the current system is the hydrogen enhanced 

localized plasticity (HELP) theory, which describes hydrogen becoming trapped at dislocation 
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cores. Hydrogen reduces stacking fault energy (SFE), results in localized plasticity and 

enhances shear bands formation. Hydrogen has been observed to promote stacking fault 

formation and twinning. Nanoscale microscopy in this study revealed the activation of slip 

systems at low K levels for Alloy 52 and demonstrated regions of strong localized 

deformation as the initiation points for the dominant cracks that lead to further failure. This is 

indicative of local work hardening of the material and a potential increase in the local 

hydrogen concentration as hydrogen absorbed at the crack surface that accelerates the 

dislocation movement. As there is no indication of intergranular or interdendritic fracture, this 

emphasizes that the main interplay of hydrogen-dislocation in the current system is on 

plasticity localization instead of hydrogen induced grain boundary decohesion. 

 

 

6. Conclusions 

 

Crack growth of Alloy 52 in HWC cold shutdown water chemistry with relatively fast CGR 

was observed on constant-displacement bolt-loaded C(T) Alloy 52 specimens at a low K of 20 

MPa√m after exposed in BWR HWC water for 12 years and then in cold shutdown water for 

a further 3 years in a Swedish NPP unit. The pre-fatigue region was supposed to go through 

the reactor operation periods and also the cold shutdown period while the crack extension 

region merely occurred during the final cold shutdown period. The following conclusions can 

be drawn based on the results obtained. 

 

The unexpected crack propagation in this case under cold shut down period and without 

external dynamic loading is attributed to LTCP and hydrogen embrittlement. Transgranular 

fracture was the dominant fracture mode. There was no evident observation of intergranular 

or interdendritic fracture (negligible HEDE). There were no apparent voids nor carbide-rich 

fracture surface was observed (negligible HESIV). Hydrogen reduces stacking fault energy, 

results in localized plasticity and enhances shear bands formation (predominantly HELP). 

  

This work proves that even under very low K levels and low hydrogen concentrations and 

without dynamic loading, it is possible to reach the threshold for LTCP. The unexpected 

LTCP phenomena observed in this work is relevant to a real-plant condition and should be 

considered for evaluating the long-term structural integrity of nuclear components, 

particularly during extended outage or shutdown scenarios. 
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Unexpected low temperature crack propagation in nuclear post-shutdown 
water chemistry of Alloy 52 with potential effects of hydrogen

Pedro A. Ferreirós a , Ulla Ehrnstén a , Yanling Ge a , Björn Forssgren b, Mimmi Bäck c,  
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A R T I C L E  I N F O
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Alloy 52
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Environmental cracking
Carbonitrides

A B S T R A C T

Constant-displacement bolt-loaded compact tension specimens of Nickel-based Alloy 52 were exposed to boiling 
water reactor environment for 12 years, followed by an additional 3 years in post-shutdown cold water condi
tions in a Swedish nuclear power plant test loop, under a stress intensity factor of 20 MPa√m. After outer surface 
decontamination and specimen opening, unexpected crack extensions of 3–4.5 mm were observed. The fracture 
surface and the cross-sectional deformation microstructure were examined by electron microscopies techniques 
down to the nanoscale. The oxide layer in the region exhibiting unexpected crack growth was notably thin, 
suggesting that it formed after exposure to elevated operating temperatures. The dominant fracture mode is 
transgranular, propagating along close-packed {111} planes. The grains contained heterogeneous microstruc
tures with regions enriched in nanometer-sized Ti(N,C) and the zigzag crack paths did not traverse these regions 
strengthened areas. Extensive shear bands were present near the crack tips, indicating pronounced localized 
plasticity. Hydrogen reduces stacking fault energy, results in localized plasticity and enhances shear bands 
formation. Low temperature crack propagation with evident effects of hydrogen was considered as the potential 
cause of crack propagation in Alloy 52 in the absence of external dynamic loading under post-shutdown cold 
water chemistry.

1. Introduction

Nickel-Chromium based alloys offer a good combination of corrosion 
resistance and ductility, with a thermal expansion coefficient in-line 
with the structural materials being welded. Nickel-based filler metals 
are routinely employed as weld materials in power generation systems 
to join bainitic/ferritic low alloy steel (LAS) reactor pressure vessel with 
austenitic stainless steel pipes [1–5]. It can become a concern for the 
structural integrity in nuclear power systems, structures and compo
nents since several of failures have been observed in such welds in nu
clear power plants (NPPs) [6–8]. Moreover, Nickel-Chromium based 
welds have been suggested to be susceptible to a sub-critical brittle crack 
propagation in a low temperature aqueous environment termed low 
temperature crack propagation (LTCP) [9]. This problem can be of high 
relevance when a reactor goes through a shutdown phase or an extended 
outage.

The Nickel-based weld metals Alloys 182, 82, 152 and 52 are 

susceptible to LTCP where typically a reduction of between 50 % and an 
order of magnitude in fracture toughness compared to in air is observed 
in pressurized water reactor (PWR) primary water environments with 
high hydrogen concentrations (~100 mL H2 / kg H20 and above). LTCP 
is widely considered as a hydrogen-induced embrittlement phenomenon 
that has been observed in laboratory conditions for various Nickel-based 
alloys at the temperature range of ~50–150 ◦C in hydrogenated water 
[10–16].

Among the Nickel-based weld metals, Alloy 182 is normally the most 
susceptible to LTCP, Alloy 82 slightly less susceptible, and Alloys 52 and 
152 seem to be the least susceptible [17]. The effect typically diminishes 
with decreasing hydrogen concentrations in PWR water and the fracture 
toughness recovers significantly at a concentration of ~30 mL H2 / kg 
H20 or close to a shutdown hydrogen concentration of ~5–10 mL H2 / kg 
H20 [18]. Ahonen also suggested that Alloy 52 maintains its high frac
ture resistance with 30 mL H2/kg H2O, whereas some specimens of Alloy 
52 show a substantial reduction of fracture resistance with a higher 
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hydrogen content, e.g. 100 mL H2/kg H2O [16,17]. The typical hydrogen 
concentrations in plant environments are 5–17 mL H2 / kg H20 for 
boiling water reactor (BWR) hydrogenated water chemistry (HWC), 
25–45 mL H2 / kg H20 for PWR and 5–10 mL H2 / kg H20 during 
shutdown, respectively. To date, no LTCP incidents involving these 
Ni-based weld metals have been reported in nuclear power plants in the 
open literature [16,17]. Nevertheless, low toughness resulting from 
cooling down to low temperature cannot be completely ruled out, since 
the absorbed and trapped hydrogen at high temperatures cannot desorb 
sufficiently to come to equilibrium with a limited environmental 
hydrogen concentration [18]. However, the knowledge on occurrence 
and influence of LTCP on fracture and cracking behavior in the 
Nickel-based filler metals upon long-term plant operation and aging is 
lacking.

Constant-displacement bolt-loaded compact tension specimens of 
Nickel-based Alloy 52 were exposed to a BWR HWC environment for 12 
years, followed by an additional 3 years in post-shutdown cold water 
environment in a Swedish nuclear power plant test loop, under a stress 
intensity factor of 20 MPa√m. After outer surface decontamination and 
specimen opening, unexpected crack extensions of 3–4.5 mm were 
observed on the specimens. The fracture surface and cross-sectional 
deformation microstructure were analyzed down to the nanoscale 
using analytical electron microscopy to elucidate the underlying 
cracking mechanisms. The intrinsic interactions between microstructure 
and hydrogen, as well as the resulting localized deformation, were dis
cussed. The implications, relevance and necessary precautions associ
ated with LTCP during reactor shutdown or extended outage conditions 
were addressed.

2. Experimental procedures

2.1. Materials and specimen

The chemical composition of the materials is provided in Table 1. 
Two Alloy 52 heats were tested. However, their chemical composition is 
very similar. Chemical composition analysis was performed using an 
ARL8860 Optical emission spectrometry (OES) device. Nitrogen and 
Oxygen were determined according to the carrier gas method 
"T001–023" using a LECO TC-500 analyzer. The detection limits for C 
and N contents are 0.05 % and 0.0009 %, respectively. The specimens 
were pre-cracked in air after machining and subsequently bolt-loaded to 
an initial stress intensity factor of 20 MPa√m. No other loading has been 
applied to the specimens. The technical drawings and the detailed di
mensions of the bolt-loaded compact tension specimens are shown in 
Fig. 1. The welding direction is into (or out of) the image in Fig. 1 with 
the crack growing from left to right in the specimen. The crack grew 
from the weld root area perpendicular to the welding direction.

2.2. Testing procedure

The test loop consists of five pipe shaped vessels (shown in Fig. 2) 
and reactor water flows through the loop at a rate of 1.0 kg/s or 
approximately 0.2 kg/s through each vessel. The environment in the test 
loop is expected to be similar to the reactor water cleanup system 
(RWCU) system. The purpose of the RWCU is to maintain a high reactor 
water quality by removing fission products and corrosion products. The 
electrochemical potential (ECP) of the BWR HWC is around –300 mV/ 
SHE. In the OKG BWR units, hydrogen is injected into the feedwater at 
levels typically ranging from 0.5 to 1.5 ppm (5.56–16.68 mL H2/kg 

H2O) in order to maintain the electrochemical corrosion potential (ECP), 
measured in both the recirculation and main circulation loops, below 
–230 mV/SHE [19]. The temperature and pressure in the test loop were 
the same as in the reactor pressure vessel, i.e. 275 ◦C and 7 MPa. Table 2
lists the reactor operation periods and the total hot exposure time of the 
specimens. Therefore, the specimens were exposed to hot hydrogenated 
water with a total of 81702 h during 2001–2013 (intermittent with 
down-times of the power plant). No on-line monitoring of crack growth 
or intermediate inspection of the specimens was possible during the 
exposure period in the vessels connected to the reactor unit.

The reactor was completely shut down in 2013. The test loop and 

Table 1 
Chemical composition of the Alloy 52 (wt%).

Specimen Heat C Cr Mo Ni Mn Si P S Al Ti Cu Fe O N

Alloy 52 #1 NX1681JK 0.020 28.68 0.01 Bal. 0.24 0.12 0.005 ˂0.001 0.69 0.52 0.01 10.4 0.001 0.012
#2 NX1573JK 0.024 28.92 0.02 Bal. 0.25 0.15 0.005 ˂0.001 0.67 0.53 0.01 10.05 0.001 0.01

Fig. 1. Technical drawings of the bolt-loaded compact tension specimens (all 
units in mm).

Fig. 2. Illustration plot of the test loop and water circulation system.

P.A. Ferreirós et al.                                                                                                                                                                                                                             Corrosion Science 261 (2026) 113604 

2 



water circulation system were exposed to shutdown water chemistry 
during 2013–2016. After the shutdown in 2013, hydrogen addition was 
stopped. There was no circulation in the vessels during the post- 
shutdown cold period, as the valves connecting the test vessels to the 
reactor system were closed. ECP, hydrogen content and temperature in 
the test vessels during the shutdown period were not recorded during 
this period. The temperature in the test vessels is estimated to be 
approximately 30–40 ◦C in the post-shutdown periods. A decreasing ECP 
is expected during the post-shutdown cold period due to oxygen con
sumption and hydrogen generation from oxidation reactions.

After removal from the test system, the specimens were glass-blasted 
for decontamination purposes on the exterior surfaces only. The crack 
areas were not cleaned to preserve chemical information of the formed 
oxides. The specimens were subsequently opened after exposure, first by 
fatigue and then by overloading, and all handling was performed in the 
hot lab.

2.3. Characterizations

The specimens were analyzed with scanning electron microscope 
(SEM) and electron backscatter diffraction (EBSD) via a Zeiss Crossbeam 
540 SEM with an EDAX HikariPlus EBSD detector. Cross-sectional 
samples were polished to a 0.05 µm oxide suspension finish. EBSD in
verse pole figure (IPF) maps were overlaid with indexing quality maps, 
and kernel average misorientation (KAM) images (0–3◦ scale) were 
analyzed using OIM Analysis 8.6 software. EBSD was conducted with a 
200 nm step size, at 20 keV accelerating voltage, 11–13 mm working 
distance, 70◦ tilt and 3.0 nA probe current.

To assess the microstructure, cracks and second phases, lamellae 
were prepared using focused ion beam (FIB) with the Zeiss Crossbeam 
540 SEM. After extracting the liftout, the crack gap is filled with Pt to 
preserve the crack edges during the lamella thinning. The lamellae were 
investigated using a Thermo Fisher Talos F200X analytical transmission 
electron microscope (TEM), equipped with the Super-X Energy-disper
sive X-ray spectroscopy (EDS) system, operating at 200 kV. High-angle 
annular dark-field (HAADF) and bright field (BF) images were ob
tained by Scanning TEM (STEM). Thickness absorption correction was 
applied to the reported chemical composition of particles acquired by 
STEM-EDS. The correction used the lamella thickness obtained by 
converged beam electron diffraction (CBED) method [20]. Representa
tive EDS spectra and detection limits, along with details of the quanti
fication procedure, are included in the supplementary information. 
Additionally, CBED micrographs to observe the Kikuchi patterns from 
multiple locations of the lamella were obtained using a camera length of 
98 mm. The Kikuchi patterns were compared with simulated patterns 
using ReciPro v4.903 [21]. The approximate angles (α and β) corre
sponding to a double-tilt TEM holder were obtained for each Kikuchi 
pattern to reach the zone axis (ZA) B= [112].

3. Results

3.1. Characterizations and crack growth rate measurement by optical 
microscopy

The optical microscopy images in Fig. 3 reveal a black-color pre-fa
tigue area and a brown-color crack extension area. The metallic, shiny 
region observed under optical microscopy indicates areas that experi
enced post-test opening in air. With a faster oxide film growth rate at 
high temperatures due to faster kinetics, the pre-fatigue region exhibits a 
thicker and thus darker oxide under optical microscopy. The darker pre- 
fatigue region was supposed to go through the reactor operation periods 
and the post-shutdown cold period while the lighter crack extension 
region is assumed to primarily occur during the post-shutdown cold 
period. Table 3 lists the reactor operation periods and the total exposure 
time of the specimens. Crack growth rates (CGRs) were calculated under 
two assumptions: that all crack advance occurred during the high- 
temperature exposure, or that all of it occurred during the post- 
shutdown exposure.

3.2. Fractography investigations

SEM images of the fracture surfaces of specimen #1 are shown in 
Fig. 4 to Fig. 7. In Fig. 4(b,d), the pre-fatigue region displays a noticeably 
brighter contrast under the backscattered electron detector, consistent 
with the formation of thicker oxide layers during high-temperature 
reactor operation. Fig. 4(a) reveals that the crack extended region ex
hibits a contrast similar to the post-test opening region in air, implying 
that crack extension occurred primarily during the post-shutdown cold 
period. The appearance of the fracture surface suggests that crack 
extension occurred in a single event, with no signs of stepwise macro
scopic propagation.

Detailed SEM observations of the crack extended region reveal a 
predominantly transgranular fracture mode. The fracture surface is 
characterized by parallel lines typical of intermittent crack growth, 
extending over large areas across multiple grains. These features are 
uniform across grains of different orientations and are not consistent 
with fatigue (e.g., beach marks or fatigue striations) nor with classical 
transgranular stress corrosion cracking (e.g., cleavage-like facets or river 
patterns). These observations indicate that the fracture behavior in the 
crack extended region reflects a distinct deformation and crack propa
gation mechanism, associated with post-shutdown cold conditions 
rather than fatigue or conventional SCC.

Fig. 5 shows the detailed fractography on the crack extended region 
with a 1 mm crack extension. Weld dendritic features can be seen in 
some local areas but no interdendritic fracture was revealed (Fig. 5(b)). 

Table 2 
List of reactor operation periods and the exposure time of the specimens.

Period of reactor 
operation

Operational time 
(h)

Total hot exposure time 
(h)

2001–2002 6816 6816
2002–2004 6408 13224
2004–2005 7368 20592
2005–2006 7440 28032
2006–2008 13493 41525
2008 6933 48458
2009 7166 55624
2010 8287 63911
2011 1512 65423
2011–2012 6847 72270
2012–2013 7032 79302
2013 2400 81702

Fig. 3. Optical microscopy images of specimens.
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