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Abstract

DMWs are commonly used to join austenitic and ferritic components in the RCPB
and can become potential concerns regarding the structural integrity of the nu-
clear power SSC. In particular, the knowledge on the local strength mismatch at
the LAS/nickel-based alloy weld metal interface upon PWHT and during long-
term ageing is lacking. The amount of information available in the open literature
on the fracture mechanical and microstructural changes occurring at the fusion
boundary after buttering, welding, PWHT and long-term ageing is relative limited
and often very case dependent. Understanding the fracture mechanical and mi-
crostructural appearance, behaviour and development of the complex DMW fu-
sion boundary is crucial for both the improvement of nuclear component integrity
and to ensure safe long-term operation. In this study, a Ringhals SA508/Alloy52
DMW mock-up consisting of Alloy 52 buttering on both sides (representative of
Ringhals 3 pressurizer surge nozzle DMW) and a TVO NG DMW mock-up are
studied, thus the test materials are representative of actual power plant compo-
nents. The project promotes the knowledge transfer, improve the nuclear materi-
als and fracture mechanics competence and strengthen the connections and
experience exchange between the Nordic research organizations, universities,
industries, authorities, and especially the young generation. The project deals
with the structural integrity, long-term operation, and ageing management, which
are relevant for both present and future nuclear power plants. The technical re-
sults provide a basis for assessment of long-term operation for the Finnish and
Swedish nuclear power plants for both the operators and the regulatory perspec-
tives. Dissemination through the open seminar, the peer reviewed publications
and the oral presentations at the international conferences ensured the knowl-
edge exchange in international and Nordic networks.

Key words

Dissimilar metal weld, Alloy 52, fusion boundary, characterisation, fracture me-
chanical test

NKS-467

ISBN 978-87-7893-562-5
Electronic report, February 2023
NKS Secretariat

P.O. Box 49

DK - 4000 Roskilde, Denmark
Phone +45 4677 4041
www.nks.org

e-mail nks@nks.org



Effect of Thermal Ageing and Microstructure on
Fracture Mechanical Behaviour of Ni-based Alloy
Dissimilar Metal Welds

Final Report from the NKS-R FEMMA activity (Contract: AFT/NKS-
R(22)134/4)

Zaiqing Quel, Sebastian Lindqvist!, Noora Hytonen?, Yanling Ge!
Kristina Lindgren?, Mattias Thuvander?
Pal Efsing 3.4

LVTT Technical Research Centre of Finland Ltd, PO Box 1000, FI-02044 VTT, Espoo, Finland
2 Chalmers University of Technology, Department of Physics, SE-412 96, Goteborg, Sweden

3 Ringhals AB, SE-43285 Varobacka, Sweden

4 Department of Solid Mechanics, Royal Institute of Technology (KTH), SE-100 44 Stockholm,
Sweden



Table of contents

1. Introduction

2. Microstructural investigations on FBs of DMWs
3. Fracture mechanical tests on DMWs

4. Microstructural assessment using APT

5. Conclusions

6. References

Page



1. Introduction

Dissimilar metal welds (DMWs) are commonly used to join austenitic and ferritic
components in the reactor coolant pressure boundary, often using a nickel-based filler metal.
DMWs can become potential concerns regarding the structural integrity of the nuclear power
systems, structures and components. In particular, the knowledge on the local strength
mismatch at the low alloy steel (LAS)/nickel-based alloy weld metal interface upon post-weld
heat treatment (PWHT) and during long-term ageing is lacking. The amount of information
available in the literature on the fracture mechanical and microstructural changes occurring at
the fusion boundary (FB) after buttering, welding, PWHT and long-term ageing is relatively
limited and often very case dependent. As a part of the NKS-R program in 2022, VTT,
Chalmers University of Technology, and KTH have studied the microstructural properties and
fracture mechanical performance of Alloy 52 narrow-gap (NG) DMW provided by TVO and
Alloy 52 DMW mock-up consisting of Alloy 52 buttering on both sides provided by Ringhals
in the FEMMA project.

The project dealt with the 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. In 2022, the main
progress has been in the area of mechanical testing and microstructural characterization of the
DMW mock-ups.

A seminar, summarising the gained knowledge and lessons learned from the earlier DMW
projects was arranged at KTH in September 2022 to facilitate spreading of the gained
knowledge to the industry, authorities and research community, especially the young
generation. The Finnish and Swedish nuclear operators, research organizations and regulatory
bodies including Ringhals, Forsmark, OKG, KTH, Chalmers, TVO, VTT, Aalto University
and STUK were actively involved in the discussions during the seminar.

The work was executed by young researchers including Noora Hytonen and Laura Sirkid and
young scientists Kristina Lindgren (Chalmers), Zaigqing Que (VTT) and Sebastian Lindqvist
(VTT). Additionally, young researchers Pentti Arffman and Jari Lydman at VTT was integral
part of the work.



2. Microstructural investigations on FBs of DMWs

The microstructural investigations were performed at the LAS/nickel-based alloy weld metal
interface. High-magnification microstructural characterization by means of scanning electron
microscopy (SEM)/ electron backscatter diffraction (EBSD), focused ion beam (FIB), wide-
angle X-ray scattering (WAXS) and transmission electron microscopy (TEM) were performed
at the FB region at VTT. The effect of thermal ageing on the carbon enrichment, and the
evolution of the local mismatch during the aging were evaluated. In addition, the
characteristics of the precipitates and other possible particles that have an effect on the
initiation of brittle fracture were examined. Strength mismatch of the SA508/nickel-based
Alloy 52 fusion interface was investigated by micro-hardness and nanoindentation
measurements.

The microstructural characterization of the FB region shows mild differences, e.g. carbon
diffusion and hardness, between the two DMW mock-ups due to the welding technique,
welding orientation, thermal histories and thermal ageing. The fracture toughness testing
indicates marginally better results for the DMW with buttering in reference condition, and no
clear thermal ageing effect is observed in the NG DMW fracture toughness.

The metallographic microstructure and FBs were studied. In the NG mock-up, the majority of
the FB is a narrow and straight boundary between SA508 and A52. Few large swirls with
partial mixed zones were observed correlating with the weld bead solidification structure,
where also type-Il boundaries were found on the weld side. In the buttering mock-up, the FB
is mostly narrow and straight but additionally tempered martensitic transition zones and
partial mixed zones were locally observed. No significant swirls or type-11 boundaries were
found, which is due to the different welding orientation affecting the weld pool mixing.

Microhardness measurements of HV1 and HV0.3 reveal a hardness peak at the LAS heat
affected zone in both weld mock-ups, although in the buttering DMW, the peak is higher and
the overall hardness level is ~20 HV higher (as shown in Figure 1). In the NG mock-up, the
HV0.3 revealed a soft zone next to the heat affected zone hardness peak.
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Figure 1: Microhardness across the FB of the two mock-ups. (A: NG mock-up; B: buttering
mock-up)



The nanoindentations reveal local nano-hardness mismatch at the FB. The nano-hardness
peak was observed in the A52 in the NG mock-up, and at the tempered martensite FB in the
LAS in the buttering mock-up. The partial mixed zone in the buttering mock-up did not show
an evident peak.

The carbide analysis in the heat affected zone using TEM revealed that in the NG mock-up
the larger carbides are (Fe, Mn, Cr)sC with higher Mn content than Cr. Small carbides are
mainly Mo2C carbides although Cr-rich carbides were observed sparsely. In the buttering
mock-up, the larger carbides are (Fe, Mn, Cr)sC with equal content of Mn and Cr. The small
carbides were identified as MozC.

To sum up, the microstructural characteristics of the two different mock-up types, with and
without buttering, shows some differences at the LAS/nickel-based alloy weld metal interface
microstructures and this gives important input when analysing and understanding the
mechanical behaviour of the DMWs also after long-term operation.

3. Fracture mechanical tests on DMWs

The fracture mechanical tests were performed at VTT for both NG and buttering DMWSs. The
fracture properties were characterized according to ASTM E1921 to obtain the transition
temperature To and EN 1SO 148-1 to obtain T2s; and Ta13. The impact toughness testing was
done using an instrumented impact hammer to obtain the arrest force and arrest toughness.
The crack was nominally placed at the FB between the weld metal and the LAS. The fracture
toughness and impact toughness data are shown in Figure 2.
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Figure 2. (a) To results with the crack path deviating towards the fusion boundary; (b)
Transition curves of impact energies for reference, 5 000 h, 10 000 h and 15 000 h aged
conditions. The star symbols indicate 100 % ductile fracture.

The initiation of brittle fracture tends to occur next to the FB in the carbon-depleted zone. For
cracks farther from the fusion boundary, in the HAZ, the crack deviates to the FB and
progresses in that region, in most cases.

The effect of aging on the shift in impact toughness appears to saturate after 10 000 h of
thermal aging. To testing results in a lower shift than impact toughness testing. The crack
location corrected To shift is 10 °C after 15 000 h at 400 °C, whereas AT2g; is 49 °C. The



AT2sy and AT saturate after 10 000 h at 400 °C, while ATo appears to saturate after 5 000 h.
The To for the NG DMW after 15 000 h of aging at 400 °C is of the same magnitude as after
10 000 h, 5000 h and in AR references condition, as long as the crack is close enough to the
FB. For cracks farther away, the fracture toughness appears to be lower.

The different shifts from the impact toughness and fracture toughness testing can be explained
by the nature of the test methods. The fracture toughness describes the stress intensity
required to initiate brittle fracture in the DBTT region, whereas the impact toughness
describes the energy required to initiate, propagate and arrest a crack. Additionally, the
fracture toughness specimens are more sensitive for the crack/notch location relative to the
FB in the HAZ compared to impact toughness specimens since the fracture process zone of an
impact toughness specimen samples a larger region.

The thermal aging mechanism can affect more the crack arrest and propagation mechanism
than the initiation mechanism. The crack arrest toughness temperature increases with 35 °C
after 15 000 h at 400 °C.

4. Microstructural assessment using APT

Atom probe tomography (APT) measurements at Chalmers University of Technology was
used to identify the elemental segregation (especially phosphorous) at the boundaries upon
ageing, primarily by comparing the phosphorous content of interiors of the grains and
comparing the non-aged condition to the thermally-aged condition of the NG mock-up. In
Figure 3, representative reconstructions of non-aged condition and thermally-aged condition
are shown.

The phosphorous contents are 50£20 at.ppm and 4020 at.ppm in the non-aged condition and
thermally-aged condition, respectively. Though the bulk phosphorous content in the interior
of the HAZ grains are slightly lower in the thermally-aged condition than in the non-aged
condition material, there is no evidence of a significant phosphorous segregation to grain
boundaries from thermal aging.
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Figure 3. (a) APT reconstructions of (a) non-aged condition and (b) thermally-aged condition
of the NG mock-up. The red features show Mo segregation to dislocations.



5. Conclusions

The microstructure and carbides in the fusion boundary (FB) and low alloy steel (LAS) heat-
affected zone (HAZ) were analysed for the narrow-gap (NG) SA508/Alloy 52 dissimilar
metal weld (DMW) mock-up and the DMW mock-up consisting of Alloy 52 buttering on both
sides. Moderate differences at the LAS/nickel-based alloy weld metal interface
microstructures of these two DMWs are found in the hardness and carbide types. There is no
evidence of a significant phosphorus segregation to grain boundaries in HAZ due to thermal
ageing, based on the APT measurements.

The fracture toughness testing indicates marginally better results for the DMW with buttering
in reference condition, and no clear thermal ageing effect is observed in the NG DMW
fracture toughness. The thermal aging mechanism can affect more the crack arrest and
propagation mechanism than the crack initiation mechanism.
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ARTICLE INFO ABSTRACT

Keywords: In nuclear power plants, dissimilar metal welds belong to safety class 1. The effect of thermal
Fracture toughness aging at 400 °C up to 15 000 h on ductile-to-brittle transition (DBT) region was investigated for
TO an Alloy 52 dissimilar metal weld (DMW). The cracks and the notches were placed close to the
g;ﬁ;t toughness fusion boundary between the low-alloy steel (LAS) and the weld metal. In previous work for

DMWs, the shifts in different DBT temperatures have not been investigated, including reference
temperature Ty, impact toughness-based Tyg; and reference temperature for arrest toughness,
Tkia- The results show that the Ty reference temperature does not change significantly with aging
time, only 10 °C, but the shift in Tagy is 49 °C after 15 000 h. The shift in Ty, is 35 °C. The results
indicate that the aging mechanism affects more the crack propagation and arrest properties than
brittle fracture initiation.

Thermal aging

1. Introduction

In nuclear power plants (NPP), the reactor pressure vessel and pressurizer are made of low-alloy steel (LAS) and the pipes are made
of austenitic stainless steel. The connecting welds are made of nickel-base alloys, and together they form a dissimilar metal weld
(DMW). DMWs are safety critical components, and in operation, DMWs have been subjected to intergranular stress corrosion cracking
(IGSCCQ) [1-3]. To address these challenges, the materials and manufacturing techniques have been improved, and today, narrow-gap
(NG) Alloy 52 DMWs are used in modern European pressurized water reactors (EPR). The DMWs located in the outlet pipe of the
reactor pressure vessel are subjected to a temperature of 330 °C that increases the susceptibility to thermal embrittlement. In the
pressurizer, the temperature can be up to 350 °C. [4-6].

Most of the thermal aging data for Mn-Mo-Ni LASs (like SA 508, A533, 18MND5 and 16MNDS5) indicates that the materials are
resistant to thermal aging in the temperature range of 260-320 °C for an aging time of 100 000 h and even up to 250 000 h. However,
for few LASs, a shift of 60 °C in ductile-to-brittle transition temperature (DBTT) was reported [5]. In these cases, the alloys were not
given a proper post-weld heat treatment (PWHT) or quench-and-temper heat treatment, or the reference and aged materials were
sampled from different depths in thickness direction. These exceptions underline the need to investigate and understand the effects
related to thermal aging.

An exceptionally high P or Ni content can result in a significant shift in DBTT due to thermal aging. Ni can affect the grain boundary
absorption capacity of P atoms and increase the sensitivity to thermal embrittlement [7]. The DBTT shifted with 150 °C for a Mn-Mo-Ni
LAS containing 1.7 % Ni, after aging at 330 °C for 20 000 h. VVER-1000 forgings and weld metals, Cr-Ni-Mo LASs, with Ni > 1.3 %,
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Nomenclature

A Fitting parameter

ASTM  American society for testing and materials
B Thickness

BM Base metal

CDZ Carbon depleted zone

CMOD  Crack-mouth opening displacement

C(T) Compact tension

CVN Charpy-V notch

DBTT Ductile-to-brittle transition temperature
DMW Dissimilar metal weld

EDWC  Electro-discharge wire cutter

Fa Arrest force
Fm Maximum force
Fu Initiation force

GTAW  Gas tungsten arc welding
HAZ Heat-affected zone
IGSCC  Inter-granular stress corrosion cracking

ISO International organization for standardization
Kjelimir Maximum Kj. capacity

L Length

LAS Low alloy steel

NG Narrow-gap

NPP Nuclear power plant

PWHT  Post-weld heat treatment
SE(B) Single edge bend

SEM Scanning electron microscopy

SS Stainless steel

To Master curve reference temperature
Tagy CVN 28 J transition temperature

T CVN 41 J transition temperature

Ttaa Reference temperature for arrest force
Txia Crack arrest reference temperature

USE Upper-shelf energy
WM Weld metal

w Width

c Standard deviation

show shifts up to 30 °C after thermal aging at 310-320 °C for 200 000 h. [5,6,8,9] The effect of Ni on the aging behavior has been
connected to synergetic effects with other elements, e.g. Mn. [10-12].

P segregation to the grains boundaries is considered to be the main thermal aging mechanism for LAS in NPPs. Therefore, the P
content has been restricted to 0.015 % and later to 0.008 % [4]. Thermal aging of LAS in NPPs is to a minor extent affected by
segregation of other interfacial mobile elements, and other mechanisms, like hardening and strain aging [13]. As the LAS is subjected
to a relatively high temperature, the amount of P on the grain boundaries increases with aging time. P segregation to grain boundaries
is connected to an increase in the ratio of intergranular fracture and a larger shift in DBTT. A larger P content in the matrix enhances the
P segregation to the grain boundaries, which is also dependent on the initial P content on the grain boundaries [7,13-16]. However, a
larger P content in the matrix (0.007 versus 0.016 %) does not always lead to a larger shift in DBTT [14].

Besides the chemical composition and the aging temperature, thermal embrittlement is affected by the heat treatment, the resulting
microstructure and aging time [5,9,17,18]. Typically, due to the heat treatment, the coarse-grained weld metal and heat-affected zone
(HAZ) are considered to be more prone to thermal aging [13]. Compared to the base metal (BM), the sensitivity of the HAZ to thermal
aging can be 3-6 times higher at 330 °C [19]. BMs are considered less vulnerable to temper embrittlement due to a finer prior
austenitic grain size and the heat treatment consisting of quenching and tempering. Lower DBTTs are obtained when the grain size is
smaller, 66 pm compared to 430 pm [14]. Yet, the shift in DBTT is not always dependent on the grain size. For the HAZ of a submerged-
arc weld with 18MND?5 as BM, the largest shift is reported to occur at 1 mm from the fusion boundary in the fine-grained region, and
not in the grain-coarsening region [16].

Related to thermal aging of NG Alloy 52 DMWs, the DBTT shifts in HAZ of the LAS are difficult to assess. The HAZ consists of fine
microstructural regions with varying mechanical properties, grain sizes and different tendencies for thermal embrittlement. In
addition, the adjacency of the Ni-base weld metal can affect the sensitivity for thermal embrittlement. The previous investigations on
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94 mm

66 mm

Fig. 1. NG Alloy 52 DMW. a) Cross-section of the weld. b) Section cut from the full-scale pipe mock-up.

Table 1

Chemistry of the materials.
Mock-up C Mn Si Ni Cr Mo Cu S P Al v Co As Sn
LAS, SA 508 0.18 1.44 0.19 0.77 0.11 0.49 0.060 0.001 0.005 0.02 < 0.01 0.01 0.003 0.003
WM, Alloy 52 0.002 0.26 0.15 59 30 <0.01 <0.01 0.0007 <0.005 0.66 <0.01 - -

thermal embrittlement of the Alloy 52 DMWs mainly focus on characterization of the microstructural changes, and fracture mechanical
changes at a distance of 0.3 mm from the fusion boundary close to the grain-refined region of the HAZ [20,21]. The fracture toughness
in the near interface zones to the fusion boundary can be sensitive to the notch location and the fracture toughness behavior and shifts
in DBTT closer to the fusion boundary need to be systematically studied and understood.

The shift in DBTT can be either determined using impact toughness or fracture toughness-based testing. An impact toughness test
measures the energy consumed to initiate, propagate and arrest a crack. Typically, a Ty fracture toughness test in the DBTT region
describes the stress intensity required for initiation of brittle fracture. When the impact testing is done with an instrumented device, it
gives the possibility to separate the initiation and arrest portions of the result. In previous investigations on DMWs, the arrest prop-
erties have not been investigated.

In this study, the focus is on characterization of thermal aging effects on the fracture properties next to the fusion boundary in the
LAS, SA 508, of a NG Alloy 52 DMW. The DMW is subjected to accelerated aging at 400 °C for 5 000 h, 10 000 h and 15 000 h. The
cracks and notches of the specimens are placed nominally 0.1 mm from the fusion boundary. Both fracture toughness testing according
to ASTM E1921 and instrumented impact toughness testing (ISO 179 and ISO 148-1) are performed. The results show different shifts
depending on the characterization methods. The mechanistic differences of the results are discussed.

2. Materials and methods
2.1. Material and component

An industrially manufactured 1:1 scale DMW safe-end pipe mock-up is investigated, Fig. 1. The thickness of the mock-up pipe is 94
mm. The inner diameter of the mock-up pipe is 920 mm and outer diameter is 968 mm. The width of the pipe is 66 mm. The mock-up
consists of SA 508 LAS BM, Alloy 52 weld metal, AISI 316L stainless steel and AISI 308 cladding on top of the LAS part on the inner
surface. Approximately 12 mm of the inner diameter was cut away to remove the cladding and HAZ of the cladding. Table 1 shows the
chemical compositions of the base and weld materials. The fusion boundary between SA 508 and Alloy 52 is located roughly in the
middle of the mock-up and is the focus of this study.

The weld was manufactured by applying NG gas tungsten arc welding (GTAW) and using Alloy 52 as welding consumable. The joint
was welded one bead per layer without any buttering layer. After welding, the weld received a PWHT at 550 °C for 890 min and at
610 °C for 458 min.

The mock-up was thermally aged at 400 °C for 5 000 h, 10 000 h and 15 000 h. The temperature was monitored during thermal
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Fig. 3. Ty characterisation is based on SE(B) specimens: 5 mm thick, 10 mm wide and 40 mm span.

Table 2
Test matrix for testing of fracture properties.
Test type Fracture toughness Impact toughness
Applied standard ASTM E1921 EN ISO 148-1
Specimen type and dimensions 5x10 SE(B) 10x10 CVN
Orientation T-L T-L
Amount of specimens 10-15/condition 14-16/condition
Notch/crack location LAS/weld metal fusion boundary, approximately 0-0.3 mm from the fusion boundary
Investigated condition Reference condition, thermally aged 5 000 h, 10 000 h and 15 000 h at 400 °C

ageing using thermocouples, which stayed within about + 1 °C during most of the thermal treatment. The ageing times and tem-
perature were determined based on the assumption that P segregation is the main embrittlement mechanism. P segregation is
enhanced at 400 °C without changing its degradation mechanism compared to the operation temperature of the DMW component at
325 °C [22]. According to Joly et al., the ageing time of 10 000 h at 400 °C is representative to 60 years of operation, when P
segregation is considered as the main degradation mechanisms [20].

Based on previous work for the DMW investigated in this study, Fig. 2 shows the variation in average hardness and grain size of the
HAZ of the LAS. Thermal aging does not have a significant effect on hardness of the HAZ. The grain size reaches a minimum and
hardness a maximum at 300 pm from the fusion boundary, the grain-refined region. Towards the base material from the maximum
hardness location, the grain size and the hardness change gradually. In the fusion boundary region, <300 pm from the fusion
boundary, the largest grains are located next to the fusion boundary, the grain-coarsening region. Fig. 2 shows the macrostructure of
the HAZ and the BM consisting of segregation lines. The carbon-depleted zone (CDZ) next to the fusion boundary of this DMW is
estimated to be 100 pm wide. [23].

For characterization of Ty reference temperature for the DBTT region, 5 x 10 (thickness = 5 mm, width = 10 mm, length = 50 mm)
single edge-notched bend (SE(B)) specimens were applied, Fig. 3. For characterization of impact toughness, standard size of 10 x 10
mm? (thickness = 10 mm, width = 10 mm, length = 55 mm) Charpy-V notch (CVN) specimens were used. The crack orientation for the
SE(B) specimens and the CVN specimens is in the T-L direction (transverse - longitudinal), with the same direction as a through-wall
crack. The SE(B) specimens were side grooved. The cracks of the SE(B) specimens and the notches of the CVN specimens are nominally
located in the HAZ of the LAS, 100 pm from the fusion boundary. The cracks are parallel to the fusion boundary. Table 2 shows the test
matrix.

The specimens were extracted from the mock-up by first cutting the mock-up in thinner slices with an electro-discharge wire cutter
(EDWC). The location of the notch of the specimens relative to the fusion boundary was marked on the slice through a magnifying
glass. The weld was etched with 3 % nital to reveal the fusion boundary. The marked location was the starting point for the EDWC.



S. Lindqvist et al. Engineering Fracture Mechanics 281 (2023) 109056

2.2. Fracture toughness-based reference temperature, Ty

The fracture toughness testing was performed in the DBTT region according to ASTM E1921 “Standard Test Method for Deter-
mination of Reference Temperature, T, for Ferritic Steels in the Transition Range”. [24,25] Before testing, the specimens were pre-
cracked by fatigue to the initial crack length over specimen width ratio ap/W of 0.5, using a RUMUL resonant testing machine. The
maximum value of applied stress intensity factor, Kpyax, was kept below 15 MPa \/ m during fatigue pre-cracking. The fracture toughness
testing was performed using a MTS universal servo-hydraulic testing machine equipped with a 10 kN load cell. The maximum force
varied between 1.7 and 2.9 kN. The crack mouth opening displacement (CMOD) was measured using Epsilon 3541-003 M—040
M-LHT clip gauge, with a measurement range of -1/+4 mm. The loading rate was kept in the quasi-static range, 0.3-1 MPa\/m/s.

After testing, the specimens were soaked in liquid nitrogen and broken into two halves to measure the crack lengths corresponding
to the load instability moment. There is no prior ductile crack growth before initiation of brittle fracture. The crack length and crack
front straightness were checked before calculation of Ty.

The quality of the results was assessed after testing. All the T¢ specimens fractured by the brittle fracture mechanism and the brittle
fracture initiated without significant ductile crack growth. The force-displacement curves are continuous and temperature control
quality was acceptable. The cracks of the specimens were located in the HAZ. For some specimens, the crack front straightness criterion
was not fulfilled, and these results are discarded, see Section 4.1. The Ty was determined using the multi-temperature procedure as
described in ASTM E1921, where the results exceeding the maximum Kj. capacity, Ky limit, Were censored. The limit is there to
maintain a condition of high crack-front constraint at fracture.

2.3. Impact toughness

The testing was performed according to EN ISO 148-1 using an instrumented impact pendulum, PSW300, with the nominal impact
energy of 300 J and the impact velocity of 5.4 m/s [26]. The pendulum was equipped with a digital angle encoder having the angle
counting resolution of 160 000 pulses/360°. An ISO/DIN geometry impact striker (2 mm striker) was used in the pendulum.

The specimens were heated and cooled in a well-agitated liquid bath. Depending on the test temperature, either petrol ether (T <
-80 °C), ethanol (-80 °C < T < +70 °C) or silicon oil (T > 470 °C) as the heating or cooling medium was used. The bath temperature
was measured with a calibrated thermocouple adjusted with a PDI-controller. The bath was heated electrically and cooled by circu-
lating liquid nitrogen through a coil installed in the bath. The bath temperature was continuously monitored and recorded during the
cooling and heating phases. The specimens were held at least 5 min at a stable temperature before testing. The temperature was
measured with Fluke 52 II thermometer and a K-type SAB thermocouple.

The specimens were moved from the tempering bath into the pendulum anvil with a pneumatic equipment. The proper location of
the impact after each test was checked from the specimen halves by setting the V-groove surfaces side by side and by checking the
equality of the anvil marks on specimen front surface.

The instrumented impact test gives in addition to the impact energy the force-time signal. From the signal, the crack arrest force F,
was determined [27]. The arrest force F, was applied to assess the crack arrest reference temperature, Txy,, by using the correlation
described in [28].

2.4. Metallography, crack path and fractography

The fracture surfaces of the tested Tp and CVN specimens were optically imaged. Scanning electron microscopy (SEM) was used to
determine the brittle fracture initiation sites of the Ty specimens, and the fracture appearance of the impact toughness and fracture
toughness specimens. The locations of the notches of the CVN specimens were optically determined from the side surfaces, and the
crack locations of the Tj specimens were determined using an optical profilometer, Sensofar PLu 2300, relying on a non-contact, dual-
technology sensor. The profile was used to determine the vertical distance between the initiation site and the fatigue pre-crack tip. The
same crack location characterization procedure was applied as in [29].

For confirmation of the crack and notch locations, and to investigate the crack path behavior, some specimens were cut along the
mid-plane. These cross-section samples were grinded using SiC papers up to 2 000 grit, polished using diamond polishing paste up to
0.25 pm, and finally polished in a vibratory polisher using colloidal silica suspension. The surface was etched with 3 % nital to reveal
the interface between the LAS and the Alloy 52 weld metal. The cross-sections were imaged using optical microscope and SEM.

3. Results
3.1. Fractography and crack location

First the fractography and crack location investigations are presented to get a general understanding of the fracture behavior for the
investigated material. The crack path behavior affects the fracture toughness and the impact toughness.

3.1.1. Ty Crack locations, path and initiation site

For most of the T specimens, the fatigue pre-cracks are in the HAZ of the LAS. In few cases, the cracks are partially in the weld
metal. Consequently, the fatigue pre-crack front is skewed and does not fulfil the crack front straightness requirement in few speci-
mens. For most specimens, even if the cracks are farther from the fusion boundary in the HAZ, crack initiation occurs next to the fusion
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Fatigue pre-crack tip

Initial crack

Initiation site

Alloy 52

Fig. 4. In most instances, brittle fracture initiation occurs in the CDZ next to the fusion boundary, even if the fatigue pre-crack is farther away from
the fusion boundary. The distance between the fatigue pre-crack tip and the fusion boundary is 159 pm.

Final fracture

Fig. 5. A SEM image of a typical fracture surface showing the wavy fracture surface appearance following the weld fusion boundary. Specimen:
CVN specimen, tested in reference condition, E = 38 J, and T = -30 °C.

Side-groove Initiation site for Side-groove
brittle fracture

Fig. 6. Specimen with lower fracture toughness. Crack propagation 0.3 mm from the fusion boundary in the LAS. Specimen: test temperature is
-140 °C, Kjezs mm) is 23 MPa\/m and material condition is aged for 15000 h at 400 °C. The cutting location of the cross-section sample, 6b, is
marked with a red line in Fig. 6a.

boundary, in the CDZ, 2-20 pm from the fusion boundary, and the final fracture occurs along the fusion boundary. Fig. 4 shows an
example of a crack deviating to the fusion boundary and progressing along the fusion boundary. Also, the wavy features of the un-
derlying bead structure are visible on the fracture surface (Fig. 5).

However, in four instances for the 15 000 h aged material, the brittle fracture initiation and crack progression occur in the HAZ 0.3
mm from the fusion boundary (see Fig. 6). On the fracture surface of those specimens, the wavy features of the fusion boundary are not
observable, and the fracture surface is smooth without crack path deviation. For the different conditions, Table 3 summarizes the
average distance of the fatigue pre-crack tip from the fusion boundary.
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Table 3
Summary of the average crack locations relative to the fusion boundary and the transition temperatures for the different conditions.
Condition Fatigue pre-crack location [mm] To based on ASTM E1921 Ty corrected for crack location
Reference 0.05 -118 -118
5000 h aged at 400 °C 0.07 -112 -105
10 000 h aged at 400 °C 0.12 -129 -111
15000 h aged at 400 °C 0.2 -134 -109

Plastic mould

Crack path

Fig. 7. The cross-section for crack path assessment of a brittle CVN specimen. Specimen: reference condition, E = 38 J, T = -30 °C.

Notch

progresses
2ld metal

Fig. 8. Partial crack growth in the weld metal of a CVN specimen before final brittle fracture along the fusion boundary. Specimen: testing tem-
perature is 19 °C, impact energy is 109 J, and material condition is aged for 15 000 h at 400 °C.

3.1.2. Fracture path in CVN specimens

For the CVN specimens fractured in the transition region, the fracture surface shows a wavy appearance following the shape of the
fusion boundary, as illustrated in Fig. 5. Fig. 7 shows that the brittle fracture initiates and propagates in LAS close, about 0-50 um, to
the fusion boundary, even if the notch is initially farther from the fusion boundary. The crack path behavior is similar to the fracture
toughness specimens.

The scatter in the impact toughness results, presented in Section 4.3, is relatively high. The notches were visually confirmed to be
located at or close to the fusion boundary. For some specimens due to notch location variations, the crack progresses slightly on the
weld metal side before deviating to the fusion boundary. The resulting fracture surfaces have small weld metal ligaments close to the
notch root, see Fig. 8. The crack path of specimens with higher impact energy grows first in the weld metal before brittle fracture
initiation occurs on the LAS side.

3.2. Ty Fracture toughness

Fig. 9 shows the Ty results for the different conditions when the brittle crack initiates and progresses along the fusion boundary. In
all the analyzed cases, the specimens fracture by the brittle fracture mechanism. The Ty is ~118 °C in reference condition, -111 °C for
the 5000 h, -129 °C for the 10 000 h and —-134 °C for the 15 000 h aged material. Figs. 9 and 10 show the fracture toughness results for
each condition separately and together, respectively. The fatigue pre-cracks for the 10 000 h and 15 000 h aged specimens are located
farther from the fusion boundary compared to the reference and 5 000 h aged condition, see Table 3. Fig. 11 shows that the fracture
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Fig. 9. T, analyses for reference, 5000 h, 10 000 h and 15 000 h aged conditions. Some data points are discarded due to failure of the crack front
straightness criteria. The values above the limit were censored when calculating To.
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Fig. 10. a) all T, results with the crack path deviating towards the fusion boundary. b) the results normalized by T,. The censored results above Kj,
limit can be seen in Fig. 9.

toughness is higher when the crack-tip is farther from the fusion boundary and thus, the results are not directly comparable. Based on
the method presented in [29], we corrected the results for 5 000 h, 10 000 h and 15 000 h thermally aged condition to estimate what
the Ty is if the pre-cracks are located 0.05 mm from fusion boundary, so that all results are comparable to the reference condition.
Table 3 shows the values after applying the correction.

In contrary, for four specimens aged for 15 000 h, the crack initiation and propagation occur only in the HAZ approximately 0.3 mm
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Table 4

Specimens aged for 15 000 h with crack initiation and propagation in the HAZ, 0.3
mm from the fusion boundary.

Temperature [°C]

Fracture toughness, Kj(25.4 mm) [MPa\/m]
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Fig. 12. Transition curves of impact energies for reference, 5000 h, 10 000 h and 15000 h aged conditions. The star symbols indicate 100 %

ductile fracture.

from the fusion boundary (see Fig. 6). The fracture toughness is lower compared to the specimens with crack path deviation to the
fusion boundary. The average fracture toughness is 36 MPa\/ m at-140 °C, (see Table 4). A valid Ty estimate according to ASTM E1921
cannot be determined with only 4 observations. Since the crack path behavior differs from the other specimens, the results are treated
separately. Evidently, the results show that as the distance to the fusion boundary increases a point is reached where the properties of
the hard zone dominates the fracture behavior and the crack does not deviate to the fusion boundary.

3.3. Impact toughness

Fig. 12 shows the impact energy-based transition curves for reference, 5000 h, 10 000 h and 15 000 h aged conditions. The
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Table 5
Summary of transition temperatures and upper shelf values measured for the reference, 5000 h, 10000 h and 15 000 h aged conditions.
Material Togy Targ USE Tradakn Tkia
[§9) [§9) @ [§9) [§9)
Reference -54 -40 172 =27 -16
Ageing, 5 000 h -24 -9 168 -15 -4
Ageing, 10 000 h -9 7 164 0 11
Ageing, 15000 h -5 11 171 7.5 19
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Fig. 13. F,-T curves for the different conditions.
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Fig. 14. Effect of aging time at 400 °C on transition temperature.

transition curve shifts to the right as the material aging time increases. The scatter is relatively high for the reference and 15 000 h aged
conditions, due to variations in notch location and partial crack growth in the weld metal, as explained in Section 4.1.2. Due to this
reason, for the 15000 h aged condition, the location of the transition curve for the HAZ cracks was estimated based on the lower
boundary results. Table 5 summarizes the T455 and Tag; transition temperatures and upper-shelf energy (USE). In the transition curve
fitting process, the USE was determined by calculating an average USE for the different conditions, since previous results indicate that
thermal aging does not affect significantly the USE [23].

Fig. 13 shows that the arrest force values decrease and that the arrest transition curve shifts towards the right with increasing aging
time. A power law equation, the transition curve, was fitted to the arrest force, F,, data

T — Tra
F, = 4%exp (TM> (€8]

where Trasxy is the arrest force at the temperature corresponding to 4 kN connected to a crack jump halfway through the component, T

10
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Fig. 15. Shift in arrest reference temperature Tk,. A common uncertainty, 26 = 10.8 °C, for the different conditions was calculated based on the
upper part of the transition curve. The transition curves are presented in Fig. 13.

is the test temperature and A is a fitting parameter. The fitting parameter was selected to be the same for all conditions, A = 23. The
results exceeding 8 kN were not included to the fitting since at high crack arrest forces, where the crack jump is small, the results may
be affected by the initiation force. Also specimens with significant crack growth were excluded by applying F,,/Fp, (initiation force/
maximum force) > 0.7 criteria, otherwise the measured crack arrest force can be lower than the true crack arrest force. [30].

4. Discussion
4.1. Shifts in fracture toughness and impact toughness

Fig. 14 shows the difference in the shifts for crack location corrected Ty and impact toughness based Tyg; and T41y. The shift after
thermal aging at 400 °C for 15 000 h is ~ 50 °C based on impact toughness testing and 10 °C based on fracture toughness testing. The
effect of aging on the shift in impact toughness appears to slow down after 10 000 h of thermal aging. The T shift is of the same order
as the standard deviation of the T estimate, but the crack location corrected T values for the aged conditions are systematically above
the reference condition. The effect of thermal aging on Ty is marginal.

The different shifts from the impact toughness and fracture toughness testing can be explained by the nature of the test methods.
The fracture toughness describes the stress intensity required to initiate brittle fracture in the DBTT region, whereas the impact
toughness describes the energy required to initiate, propagate and arrest a crack. Additionally, the fracture toughness specimens are
more sensitive for crack/notch location relative to the fusion boundary in the HAZ compared to impact toughness specimens since the
fracture process zone of an impact toughness specimen with a blunt V-notch samples a larger region. [30] However, the results show
that if part of the notch of a impact toughness specimen is in the weld metal, the impact toughness increases significantly. In addition,
the applied crack location correction procedure reduces this difference.

Impact toughness and fracture toughness can be affected differently by the aging mechanism. The assumed main thermal aging
mechanism is P segregation observed to be the main embrittlement mechanism for a similar Alloy 52 DMW [20]. Due to thermal aging,
the P content increases on the grain boundaries leading to a shift in transition temperature and sometimes to an increase in inter-
granular fracture [4,16]. Previously, for the same DMW [23], we have observed that the fraction of intergranular fracture increases on
the fracture surface as a function of aging time. Noticeably, brittle fracture initiation for the investigated material is defined by a
primary initiation site indicating preservation of the weakest link assumption. P segregation to grain boundaries can mechanistically
affect more the crack propagation and arrest properties than crack initiation.

The impact toughness testing was done with an instrumented impact hammer enabling characterization of the effect of aging on the
crack arrest reference temperature, Tky,, estimated based on

Tkia = Traay +11.4 [°C] £ 6 = 12.0°C )

Fig. 15 shows that the crack arrest reference temperature increases with 35 °C after aging at 400 °C for 15 000 h, which is 15-16 °C
smaller than the shift in Togy or T41;. Based on the results, thermal ageing appears to affect more the crack arrest properties of the fusion
boundary region than the brittle fracture initiation properties. A similar result is observed in [31] where a reactor pressure vessel LAS
of a hydrotreating reactor in an oil refinery operated at 400 °C for 17 years shows a 60-70 °C shift in impact toughness, whereas the Ty
remains practically unchanged.

Structural integrity codes (API, ASME, BS 7910, R6, SINTAP/FITNET) allow the DBT toughness assessment to be done directly or
indirectly using Ty, or an impact toughness-based transition temperature estimate. The results from this study underline the mecha-
nistic differences in these two methods yielding different DBTT shifts due to aging. The Ty reference temperature describes more

11
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Fig. 16. Correlation between impact toughness based T»g; and fracture toughness based T.

Table 6
Comparison of two similar DMWs.
DMW from this study DMW from [20] and [21]
Shift in T, [°C] 10 27
Ty in non-aged condition [°C] -118 -153
Average distance of the crack to the fusion ~ 0.1 mm ~ 0.3 mm
boundary
Crack propagation Deviates to the fusion boundary and grows along the fusion No evident jumps
boundary
Chemistry Ni = 0.71, Mn 1.44 %, P = 0.005 % Ni = 0.71, Mn 1.46 %, P = 0.007 %
PWHT 14.8 h at 550 °C and 7.7 h at 610 °C 6 + 10 h at 600 °C
Size of the CDZ 100 pm 150 pm
Microstructural location of the crack In average, the cracks are in the CDZ Less than 150 um in average from the
CDZ
Specimen 5x10 SE(B) 1TC(T)

precisely the brittle fracture initiation process, and the resulting Master Curve is directly applicable without the need for conversion.
For the investigated material, the impact toughness-based transition temperature gives a more conservative estimate of the DBTT. In
this case, impact toughness testing can be applied to get a first estimate of the DBTT, if better precision is needed fracture toughness
testing is recommended.

4.2. Ty And Tag; dependence

In [32], Kocak et al. give a generic dependence for To and Tagj, To = Tagy —18 °C, with a standard deviation of 15 °C. The assessment
in [30] shows that the dependence is applicable for C(T) specimens, but the standard deviation is 22.5 °C. And the same correlation for
SE(B) specimens is an offset of 10 °C due to the constraint effect.

Fig. 16 shows that the Ty and Tog; values obtained from this study are closer to the lower part of the 2¢ scatter band in the reference
condition. The difference to the general dependence grows as the material ages since aging affects more Tag; than Ty. The To = Tagy
—28 °C dependence gives a conservative estimate of the Ty values. The cause for the difference could be in future investigated through
comparative material simulations of impact and fracture toughness specimens with the crack/notch at a soft/hard interface. The aim
would be to compare how the softer weld metal affects the stress fields ahead of the crack and notch, and under different loading rates.

4.3. Comparing the DBTT shifts to similar materials

In this study, the shift in T¢ is marginal. In [20] and [21], they investigated a similar Alloy 52 DMW. The material was aged for
10 000 h at 400 °C and for 50 000 h at 350 °C. The shift in Ty is higher compared to this study, AT is approximately 30 °C in both cases,
and the absolute T values are lower, see Table 6. From chemical perspective the materials are similar. The P content differs slightly,
but not significantly according to previous investigations [4].

One possible reason for the difference in fracture toughness behavior is the PWHT. The PWHTs differ between the two DMWs. The
PWHT of mock-up investigated in [20] and [21] lasted 6 + 10 h at 600 °C, compared to 14.8 h in 550 °C and 7.7 h at 610 °C for the
DMW from this study. Consequently, the CDZ is reported to be 50 ym wider in [20] and [21]. The PWHT in [20] and [21] was
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optimized to enhance the effect of thermal ageing on the reference temperature shift.

The shift in T can also be affected by crack location. Compared to this study, the average crack location is in [20] and [21] farther
from the fusion boundary closer to the grain-refined region, see Fig. 17. In another study [16], Joly et al. reported a larger shift in DBTT
for the grain-refined region than the grain-coarsening region of 18MND5 HAZ (similar to SA 533). Noticeably, for the investigated
DMW after 15 000 h of aging, a lower fracture toughness is measured 0.3 mm from the fusion boundary when the crack no longer
deviates to the fusion boundary, as explained in Sections 4.1.1 and 4.2. Yet, the observation cannot be connected to be related to
thermal aging, since there is no reference data for that region.

For the investigated material, as long as the crack deviates to the fusion boundary, the fracture toughness increases with the
distance of the crack-tip to the fusion boundary. Though in [20] and [21], they do not report similar crack path deviations towards the
fusion boundary and fracture toughness does not have a similar dependence on crack location. Brittle fracture initiation appears to
occur randomly in the HAZ. Future investigations could focus on better understanding the fracture path and aging behavior farther
from the fusion boundary, and the specimen size effects. In this study, the fracture toughness was measured with smaller specimens,
see Table 6. Specimens of varying size have proportional differences in process zone size, and thus, are affected in a different way by
the surrounding regions such as the softer weld metal and not necessary as affected by the local microstructural regions.

Fig. 18 compares impact toughness-based transition temperature shifts due to thermal aging at 400 °C for the Alloy 52 DMW from
this study, a 533 BM [16,18], a grain-coarsened HAZ of SA 508 class 3 RPV weldment, [19], and a simulated grain-coarsened HAZ of
SA 508 [18]. The 533 BM is similar to the SA 508 LAS. Compared to the BM, the shifts for the DMW are>30 °C higher after 10 000 h
aging. The grain size and the P content is smaller in the CDZ of the DMW than for the 533 BM, see Table 7. A significant difference
between the BM and the DMW is the PWHT and the heating during welding.

The transition temperature shift for the DMW is similar to the grain-coarsened HAZ of SA 508. In both instances, the shift saturates.
The notches of the DMW are also located in the grain-coarsened HAZ. Table 7 summarizes key parameters for the materials affecting
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Table 7
Key parameters affecting thermal aging. The effect of welding parameters and PWHT on thermal embrittlement could not be analyzed.
CDZ of the DMW 533 BM GC HAZ of a WM Simulated CG HAZ
Material BM is SA 508 SA 533 SA 508 SA 508
P % 0.002 for BM and 0.005 for WM 0.005-0.012 0.006 for BM and 0.019 for WM 0.007
Ni % 0.77 for BM and 59 for WM 0.6-0.7 0.8 0.75
Grain size [um] 2.5 close to the fusion boundary 4-22 pm 22, typical for RPVs 125

the sensitivity to thermal aging. The bulk P content is slightly smaller for the DMW, and the grain size also, typically decreasing the
sensitivity to thermal aging but not making a significant difference in this case.

5. Conclusions

In this study, we investigated an Alloy 52 dissimilar metal weld (DMW). The DMW consists of SA 508 low-alloy steel (LAS) base
metal, Alloy 52 weld metal, AISI 316L stainless steel. The fracture properties were characterized according to ASTM E1921 to obtain
reference temperature Ty and EN ISO 148-1 to obtain Togy and T415. The impact toughness testing was done using an instrumented
impact hammer to obtain the arrest force and arrest toughness. The material was aged at 400 °C for 5 000 h, 10 000 h and 15 000 h.
The crack was nominally placed at the fusion boundary between the weld metal and the LAS.

- The initiation of brittle fracture tends to occur next to the fusion boundary in the carbon-depleted zone. For cracks farther from the
fusion boundary, in the HAZ, the crack deviates to the fusion boundary and progresses in that region, in most cases.

- Tp results in a lower shift than impact toughness. The crack location corrected Ty shift is 10 °C after 15 000 h at 400 °C, whereas
ATogy is 49 °C. The ATygy and ATy, saturate after 10 000 h at 400 °C, while ATy appears to saturate after 5 000 h.

- The thermal aging mechanism can affect more the crack arrest and propagation mechanism than the initiation mechanism. The
crack arrest toughness reference temperature increases with 35 °C after 15 000 h at 400 °C.
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