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Abstract: Dissimilar metal welds (DMWs) are a key design feature in nuclear power systems, typically
involving ferritic low-alloy steels (LAS), stainless steels (SS), and nickel-base alloys. They are, however,
a potential concern regarding the structural integrity of nuclear power systems. In particular, the
LAS/nickel-base alloy weld metal interface is known to develop a local strength mismatch upon
post-weld heat treatment (PWHT). Very limited data is available on the effect of thermal ageing on the
DMW interface. The aim of this study was to investigate the effects of thermal ageing at 400 ◦C for up
to 10,000 h on a narrow-gap DMW mock-up representative of the weld between the reactor pressure
vessel nozzle and its safe-end after PWHT, with a special focus on the LAS SA 508/nickel-base Alloy
52 weld metal interface. No significant effect of thermal ageing on the appearing microstructure
was observed in either LAS base material, LAS heat-affected zone or Alloy 52 weld metal. However,
thermal ageing reduced the local strength mismatch at the LAS/nickel-base weld metal interface
formed during PWHT. The reduction of the strength mismatch was detected using nanoindentation
measurements and was concluded to be associated with a decrease in the carbon pile-up in the weld
metal caused by PWHT. Based on the obtained results, thermal ageing promotes carbon diffusion
from the weld metal side of the fusion boundary further away into the weld metal and thus slightly
decreases the local strength mismatch.

Keywords: dissimilar metal weld; thermal ageing; Alloy 52; SA 508; strength mismatch;
carbon diffusion

1. Introduction

With the exception of fuel cladding materials, the main materials used in the components and
piping of primary circuits of pressurized water reactors (PWRs) are ferritic low-alloy steels (LAS),
stainless steels (SS), and nickel-base alloys [1]. LAS alloyed with low contents of chromium, nickel,
molybdenum, and vanadium can lead to a good combination of high strength and ductility, which are
used in structural components like a reactor pressure vessel (RPV) [2]. Austenitic SS are utilized for
structural materials (types 304, 304L, 316, and 316L) and as corrosion-resistant cladding of the RPV
and pressurizer (types 308 and 309). Nickel-base alloys are applied for high-strength components,
some critical applications, and welds. Dissimilar metal welds (DMWs), where materials of different
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composition and crystal structure are joined, reveal a combination of all the above-mentioned types of
materials. From the design and performance point of view, DMWs are critical and they have been
related to a number of incidents involving intergranular stress corrosion cracking (IGSCC) [2–4], with
sensitized microstructures found in SS and nickel-base alloy safe-ends and within weld metals [5,6].
Nickel-base weld metals such as Alloys 182 and 82, based on the composition of wrought Alloy 600,
have increased the service life of DMWs by reducing carbon migration at the interface and differential
expansion strains [7]. They are, however, susceptible to IGSCC. Cracking incidents, involving Alloys
600 and 182 in RPV safe-ends and head penetrations as well as steam generators, have been observed
in many plants due to the presence of corrosive environment, high temperature, residual stresses, and
material sensitization effects [2,3,8]. IGSCC in high-temperature, high-purity PWR water is specifically
noted as Primary Water Stress Corrosion Cracking (PWSCC) [9–11]. In safe-end weld cracking incidents,
crack propagation along the DMW interface is often limited to the weld metal [12] and the cracks grow
normally in the axial orientation [13]. An increasing susceptibility to stress corrosion cracking (SCC)
in terms of ductility loss has been observed particularly at the weld interface region [14]. SCC and
corrosion fatigue of DMW interfaces are therefore the major concerns for the nuclear industry.

The transition zones of the DMW interfaces are usually classified as the heat-affected zone (HAZ),
the partially-melted zone (PMZ), and the unmixed zone (UMZ) [15]. Residual stresses and strains
are well-known SCC accelerants. The distribution of the residual strains at the weld interface can be
as high as 40–50% in the weld metal, 20% in the UMZ and PMZ, 15% in the base material HAZ and
8–10% within the base material [16].

A typical example of DMW is the RPV nozzle to safe-end weld between the SS-cladded RPV
ferritic LAS and the austenitic SS pipe, using a nickel-base filler metal. A significant composition
gradient, especially regarding the carbon and chromium contents, forms at the interface and a complex
microstructure is present resulting from the diffusion of alloying elements, notably carbon [17].
The reduced chromium and nickel contents in the transition region due to the dilution effects are
assumed to increase the SCC susceptibility [18]. The formation of hard and soft layers, driven by the
composition gradients, leads to a low-strength area in the carbon-depleted zone (CDZ) and increases
the strength mismatch at the interface [19,20]. The complex DMW interface region consists of different
microstructural regions [21–24]. Key microstructural features, which can be found near the weld
interface, include CDZ [25], martensite [26], carbon build-up [27], and Type II boundaries [14,28,29].

In order to improve the SCC resistance, Alloy 600 has been replaced by Alloy 690 in steam
generator tubes and vessel head penetration tubes. The filler metals Alloy 52, 152, and 52M were
developed based on the composition of Alloy 690 and are nowadays used in DMWs. Due to the
higher chromium content, they show a better SCC resistance than Alloys 182 and 82, with remarkable
improvement in terms of crack initiation time and SCC crack growth rate [30]. However, the thermal
stability of Alloy 690 in the long-term operation of nuclear power plants (60–80 years), remains a
crucial topic of research [31]. The susceptibility of welds to SCC depends not only on the properties of
the base and weld metals, but also on the microstructural changes occurring at the interface during
welding and post-weld heat treatment (PWHT) [32,33]. In particular, there is still little knowledge on
the long-term behavior of these interfaces since no in-service experience is available, yet. The aim
of this study is therefore to characterize the microstructural changes occurring at the RPV nozzle to
safe-end ferrite/austenite interface upon thermal ageing.

2. Experimental Methods and Materials

Two narrow-gap DMW mock-ups with RPV nozzle to safe-end weld were investigated in this
study. One laboratory RPV safe-end weld mock-up plate was made at Aalto University and it was
studied in as-welded (AW) and in PWHT condition. The PWHT was performed at 550 ± 15 ◦C for 17 h
followed at 610 ± 15 ◦C for 7 h. An industrial RPV safe-end weld mock-up, fully representative as an
actual component, was manufactured by Mitsubishi Heavy Industries Ltd. with a similar PWHT. It
was studied in the as-received (AR) condition and after thermal ageing for 5000 h and 10,000 h at 400 ◦C.
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Both mock-ups are representative of the RPV safe-end of a modern PWR design, using the narrow-gap
welding technique without a buttering layer between the LAS and the weld metal (see Figure 1).
Ageing at 400 ◦C for 10,000 h was estimated to correspond to 60 years of operation at PWR in-service
temperatures in terms of grain boundary (GB) segregation of phosphorous in the RPV LAS [34]. The
weld mock-ups consisted of SA 508 and AISI 316L base materials, SS 308L/309L cladding on the RPV
side, and Alloy 52 weld metal in both cases (see Table 1 for chemical compositions). Since the first DMW
mock-up made at Aalto University was studied within the SINI project, and the second DMW mock-up
was studied within the NIWEL project, the five conditions are called “SINI AW” (as-welded), “SINI
PWHT” (post-weld heat treated), “NIWEL AR” (as-received, i.e. post-weld heat treated), “NIWEL
5000 h” (5000 h aged at 400 ◦C) and “NIWEL 10,000 h” (10,000 h aged at 400 ◦C). NIWEL mock-up was
received in the PWHT condition and thus could not be studied in the AW condition.

Metals 2020, 10, x FOR PEER REVIEW 3 of 19 

 

400 °C. Both mock-ups are representative of the RPV safe-end of a modern PWR design, using the 
narrow-gap welding technique without a buttering layer between the LAS and the weld metal (see 
Figure 1). Ageing at 400 °C for 10,000 h was estimated to correspond to 60 years of operation at PWR 
in-service temperatures in terms of grain boundary (GB) segregation of phosphorous in the RPV LAS 
[34]. The weld mock-ups consisted of SA 508 and AISI 316L base materials, SS 308L/309L cladding on 
the RPV side, and Alloy 52 weld metal in both cases (see Table 1 for chemical compositions). Since 
the first DMW mock-up made at Aalto University was studied within the SINI project, and the second 
DMW mock-up was studied within the NIWEL project, the five conditions are called “SINI AW” (as-
welded), “SINI PWHT” (post-weld heat treated), “NIWEL AR” (as-received, i.e. post-weld heat 
treated), “NIWEL 5000 h” (5000 h aged at 400 °C) and “NIWEL 10,000 h” (10,000 h aged at 400 °C). 
NIWEL mock-up was received in the PWHT condition and thus could not be studied in the AW 
condition. 

 
Figure 1. Cross-section of the industrial reactor pressure vessel (RPV) nozzle to safe-end dissimilar 
metal weld (DMW), ground and etched. The optical image shows the different materials of the DMW: 
low-alloy steels (LAS), stainless steels (SS) cladding, Alloy 52 weld metal and SS safe-end. Etching 
was done with 10% Nital which includes 10% HNO3 and 90% ethanol. 

Samples from the LAS base material, HAZ, PMZ, UMZ and the weld metal, respectively, were 
prepared by electrical discharge machining (EDM). Samples were ground with Struers SiC grinding 
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(EBSD) was applied for grain size measurement with a step size of 60 nm. Energy dispersive X-ray 
spectroscopy (EDS) was utilized to characterize the composition gradients at the weld interface with 
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Figure 1. Cross-section of the industrial reactor pressure vessel (RPV) nozzle to safe-end dissimilar
metal weld (DMW), ground and etched. The optical image shows the different materials of the DMW:
low-alloy steels (LAS), stainless steels (SS) cladding, Alloy 52 weld metal and SS safe-end. Etching was
done with 10% Nital which includes 10% HNO3 and 90% ethanol.

Samples from the LAS base material, HAZ, PMZ, UMZ and the weld metal, respectively,
were prepared by electrical discharge machining (EDM). Samples were ground with Struers SiC
grinding papers up to 4000 grit and then polished with 3µm, 1µm, and 0.25µm Struers DiaPro diamond
dispersions. Final polishing with vibratory polishing in colloidal silica alkaline suspension removed
the last deformation layers from grinding. Optical microscopy (OM) and scanning electron microscopy
(SEM) were used to characterize the microstructures. Electron backscatter diffraction (EBSD) was
applied for grain size measurement with a step size of 60 nm. Energy dispersive X-ray spectroscopy
(EDS) was utilized to characterize the composition gradients at the weld interface with 10 keV
accelerating voltage. Instrumented microhardness and nanoindentation measurements were carried out
to study the hardness profiles across the LAS HAZ and the weld interface. Microhardness measurements
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were done with a Vickers tip using an indentation load of 350 mN and a step size of 50µm (pause: 10 s and
loading rate: 750 mN/min), while nanoindentation measurements were performed with a Berkovich tip
using an indentation load of 1.5 mN and a step size of 5 µm (pause: 10 s and loading rate: 7.5 mN/min).
In addition, HV0.5 was used for microhardness measurement with the indentation weight of 500 g on
the reference state. Otherwise, HVIT is used in this work to describe the hardness value both from
microhardness and nanoindentation measurements but with a different physical meaning. In all figures
and hardness profiles, the LAS is shown on the left and Alloy 52 weld metal on the right, with the
fusion boundary (FB) at the X = 0 position on the x-axis.

Table 1. Chemical compositions (in wt. %) of the materials used in the dissimilar metal weld (DMW) mock-ups.

Element SA508 Gr.2 Cl.1 AISI 316L AISI 308L Alloy 52 (Plate) Alloy 52 (Pipe)

C 0.21 0.023 0.007 0.03 0.023
Si 0.17 0.53 0.37 0.13 0.15

Mn 0.78 1.29 1.9 0.24 0.26
P 0.002 0.031 0.013 <0.001 <0.005
S 0.009 0.002 0.001 <0.001 0.0007

Cr 0.45 17 20.3 29.2 29.93
Ni 0.85 10.1 10.3 59.28 58.86
Mo 0.62 2.04 0.1 0.03 <0.01
Nb - - - <0.02 <0.01
N 0.014 0.04 0.04 - 0.021
Ti 0.002 - - 0.51 0.54
Fe Bal. Bal. Bal. 9.8 10.43
Al 0.016 - - 0.72 0.66
Co <0.003 - - 0.009 <0.01
Cu 0.06 - 0.05 0.04 <0.01

3. Results

3.1. Heat-Affected Zone of the LAS

As shown in Figure 2, the LAS HAZ extends about 2.5 mm from the FB to the base material
(Figure 2a). The LAS base material, exhibiting a typical level of hardness for LAS (240 HV0.5) consists
of coarse ferrite grains with a tempered upper bainite microstructure (Figure 2b). The microstructure
refines progressively towards the FB due to the heat input from the welding process (Figure 2c).
An intermediate zone is found in the HAZ with partially refined grains, followed by a grain-refined
zone of higher hardness (about 280 HV0.5). Adjacent to the FB, a layer of coarse grains is present
resulting from the higher heat, where carbon has diffused to the low-carbon/high-chromium nickel-base
weld metal side of the interface (Figure 2d). This layer is called CDZ and it exhibits the lowest hardness
(about 230 HV0.5). To be noted is the presence of darker or lighter bands in the LAS HAZ (see Figure 2a).
The darker bands have a relatively smaller grain size and are slightly harder (about 300 HV0.5) than
the rest of the HAZ.

EBSD maps of NIWEL 5000 h in Figure 3 reveal the progressive grain refining from 2500 to 300 µm
distances from the interface, and the grain coarsening near the FB. The grain size in the LAS changes
from about 2.5 µm in the base material to about 1.5 µm in the grain-refined zone and back to 2.5 µm in
the CDZ. Hardness is affected by the accommodation of strain in the area of contact under the indenter
tip and therefore by the sub-grain size which is reported in this paper with EBSD. No significant
changes in the grain size due to thermal ageing were observed when comparing the AR and aged
NIWEL DMW mock-up samples. Figure 4 shows a comparison of the precipitates in NIWEL AR and
NIWEL 10,000 h at increasing distances from the FB. No changes in carbide precipitation were thus
observed upon thermal ageing. As seen in Figure 5, the hardness profile across the LAS HAZ is clearly
affected by the grain size. Since the thermal ageing at 400 ◦C for 10,000 h does not affect the grain size
or carbide precipitation, there are no changes in the hardness level either.
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optical image of the LAS HAZ of NIWEL AR. Note that the wavy pattern of the FB was due to the
weld passes and the banded structure in the LAS. SEM imaging of the LAS HAZ in SINI mock-up
shows (b) the LAS base material, (c) the grain-refined zone and (d) the grain-coarsened zone and the
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at different distances from the FB. Progressive grain refining of distance from (a) 2500, (b) 1000 to
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Figure 5. Comparison of the hardness profiles across the LAS HAZ in the NIWEL DMW before and after
thermal ageing at 400 ◦C for 5000 and 10,000 h, showing a clear correlation with the grain size profile.

3.2. Alloy 52 Weld Metal

Microhardness measurements were carried out with 350 mN load in the Alloy 52 weld metal of
the NIWEL DMW before and after ageing at 400 ◦C for 10,000 h. The results are shown in Table 2.
The hardness of the weld metal increases from the weld crown (about 240 HVIT) to the weld root
(about 270 HVIT), with no observed influence of thermal ageing. Scatter in the results was attributed
mostly to the heterogeneous microstructure of the weld metal and the difficulty to make measurements
from exactly the same locations.
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Table 2. Hardness variation in Alloy 52 weld metal in the NIWEL DMW from the weld crown to the
weld root, before and after ageing at 400 ◦C for 5000 and 10,000 h (SD: standard deviation).

NIWEL
Crown Centre Root

Mean HVIT SD Mean HVIT SD Mean HVIT SD

As-received 232 8 247 14 268 10
5000 h 243 13 249 8 270 15

10,000 h 239 15 245 17 257 12

As illustrated in Figure 6, showing GBs in Alloy 52 weld metal before and after thermal ageing for
10,000 h at 400 ◦C, the thermal ageing does not have a visible effect on the microstructure of the weld
metal. There is therefore no significant influence of the thermal ageing at 400 ◦C for up to 10,000 h on
the microstructure and hardness levels of Alloy 52 weld metal (excluding the FB region) of the NIWEL
DMW mock-up.
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Figure 6. SEM imaging of grain boundaries (GBs) in Alloy 52 weld metal from the NIWEL mock-up
before (a) and after ageing at 400 ◦C for 5000 (b) and 10,000 h (c). No clear signs of GB carbide growth
were observed.

3.3. Ferrite/Austenite Interface

As seen in Figure 7, the FB changes from a rather straight line to a feathery layer with a width of
more than 10 µm. This layer consists of a mixture of fine body-centered cubic (bcc) grains from the
LAS and face-centered cubic (fcc) structure from the weld metal. It is much harder (about 650 HVIT)
than the materials around it (less than 300 HVIT for the LAS or Alloy 52). The evolution of the PMZ
layer follows the structure of the weld passes. Starting from a straight FB, the PMZ grows larger as the
weld pass enters the solidified weld metal and is finally swiped into the weld metal to form a swirl of
hard bcc structure in the austenitic weld metal. In addition, the iron content increases with the weld
pass, not only due to the PMZ but also due to the dilution of iron in the transition zone between two
successive weld passes. These characteristics were found in all conditions of the DMWs.

When studying the effect of thermal ageing on the transition zones, it is necessary to understand
the prior effect of PWHT. PWHT is a standard procedure to temper welds after the welding process,
but a clear side effect is seen in Figure 8, which shows the difference in the CDZ width between SINI
AW (about 10 µm wide) and SINI PWHT (more than 50 µm wide). The corresponding hardness profiles
indicate the widening of the CDZ due to PWHT, as a stronger decrease of hardness is observed at a
larger distance away from the fusion line. NIWEL AR exhibits the similar condition as SINI PWHT,
as the same standard PWHT was applied for both mock-ups. As seen in Figure 9, the CDZ with a
width of about 60–70 µm is present in NIWEL AR. However, subsequent thermal ageing for up to
10,000 h does not appear to influence neither the CDZ width nor the hardness profile (see Figure 9).
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Figure 7. SEM imaging of the growth of the partially-melted zone (PMZ) layer from (a) a straight fusion
line to (d) a rather large (about 10 µm) PMZ, and EDS maps showing the increase in iron dilution into
the weld metal from (e) the start of PMZ to (g) a LAS swirl. The beginning of the weld pass increases
the width of the PMZ and the dilution of iron (red) from the LAS to the nickel-rich (blue) weld metal.

As seen in Figure 10, the direct effect of the widening of the CDZ upon PWHT is revealed in the
weld metal side of the interface. A carbon-rich layer forms in Alloy 52 weld metal close to the FB in
SINI PWHT condition. As expected, the similar carbon-rich layer is found in NIWEL AR material.
However, as observed in NIWEL 5000 h and NIWEL 10,000 h samples, thermal ageing results in
the progressive decrease of the carbon-rich layer and its shift away from the fusion line. In parallel,
thermal ageing clearly enhances the iron diffusion from the LAS to the weld metal.
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10,000 h, with (b) the corresponding hardness profiles, showing the CDZ resulting from PWHT and no
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Figure 10. EDS maps over the FB (highlighted with a yellow dash line) in (a) SINI AW, (b) SINI PWHT,
(c) NIWEL AR, (d) NIWEL 5000 h and (e) NIWEL 10,000 h conditions, showing changes in composition
gradients of carbon, iron and nickel.

Figure 11 shows the microhardness profiles of SINI AW and SINI PWHT. A clear effect of PWHT is
observed, as the smooth transition from the LAS to Alloy 52 weld metal in as-welded SINI AW becomes
a large hardness mismatch at the FB after the PWHT, with the lowest hardness in the LAS (220 HVIT)
and a hardness peak in Alloy 52 weld metal adjacent to the fusion line (650 HVIT). The lowest hardness
is associated with the CDZ in the LAS side. Nanoindentation with a step size of 5 µm was used
to complement the microhardness measurement over the transition layers. A smaller indentation
size enables to obtain measurements with a better spatial resolution and characterize, for example,
the narrow width of the hard layers and their position as compared to the FB more precisely [35].
Figure 12 shows the results of nanoindentation measurements across the LAS/Alloy 52 weld metal
interface before and after PWHT in the SINI DMW. As shown in the microhardness measurement
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results, PWHT causes the formation of a hardness peak (840 HVIT) in the weld metal side of the FB,
with the highest hardness level starting at the FB and extending about 25 µm into the weld metal.
The hardness profile of SINI AW does not show a strong mismatch: a hardness peak (667 HVIT) is
present at the FB, where the indentations hit the narrow PMZ (<1 µm), but no hard layer is visible in
Alloy 52 weld metal.Metals 2020, 10, x FOR PEER REVIEW 13 of 19 
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Figure 12. Comparison of the nanoindentation hardness profiles of SINI AW and SINI PWHT at the
LAS/Alloy 52 weld metal interface.

Figure 13 shows the microhardness profiles of NIWEL DMW before and after thermal ageing for
up to 10,000 h at 400 ◦C. The hardness profile of NIWEL AR is similar to that of SINI PWHT, with a
strong hardness mismatch at the interface and a hardness peak in Alloy 52 weld metal close to the FB.
The lowest hardness of NIWEL AR is found in the LAS (220–230 HVIT) and the highest hardness in
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Alloy 52 weld metal (536 HVIT). Thermal ageing affects the hardness profiles, as the hardness peak in
Alloy 52 weld metal decreases stepwise upon ageing for 5000 h (377 HVIT) and 10,000 h (331 HVIT).
Figure 14 shows the nanoindentation hardness profiles across the interface before and after thermal
ageing. In NIWEL AR, a strong hardness peak is present in the weld metal near the interface (858 HVIT)
extending over 40 µm before reaching the typical hardness of Alloy 52 weld metal. After ageing at 400
◦C for 5000 h, the hardness peak in Alloy 52 weld metal (733 HVIT) decreases and the hard layer is
narrower (about 5 µm). Moreover, the hard layer is not adjacent to the FB anymore, but appears about
10 µm away in the weld metal. After 10,000 h, the same trend is observed, with the hardness peak in
Alloy 52 weld metal further decreasing (637 HVIT) and moving further into the weld metal (maximum
hardness about 20 µm from the FB). The hardness levels in the LAS and Alloy 52 weld metal away
from the FB are not influenced by the thermal ageing.Metals 2020, 10, x FOR PEER REVIEW 14 of 19 
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4. Discussion

The microstructural characterization and the hardness measurement results do not reveal a clear
effect of thermal ageing after PWHT on the LAS base material, the LAS HAZ or Alloy 52 weld metal
when excluding the FB region. The hardness profile of the LAS HAZ is clearly linked to the grain size
variations. No influence of thermal ageing at 400 ◦C for 10,000 h is observed on either the grain size or
carbide precipitation. The hardness increases from 200–220 HVIT in the LAS base metal to 280 HVIT in
the grain-refined zone about 400–600 µm away from the FB. The hardness and the grain size (2.5 µm) of
the grain-coarsening zone is similar to that of the LAS base metal. No clear changes were observed in
the nature or amount of precipitation within grains or at GBs in Alloy 52 weld metal. Hardness levels
increasing from the crown to the root of the narrow-gap weld, which remained similar before and
after ageing. The focus of the discussion is therefore on the changes occurring at the DMW interface,
where the effects of PWHT and thermal ageing were notable. Tables 3 and 4 summarize the results of
the nanoindentation hardness measurements in the SINI DMW before and after PWTH and in the
NIWEL DMW before and after thermal ageing, respectively.

Table 3. Summary of the main hardness results and their locations at the LAS/Alloy 52 weld metal for
SINI AW and SINI PWHT.

SINI HVIT (1.5 mN) Location Distance of Peak Hardness from Fusion Line (µm)

As-welded 667 PMZ 0
PWHT 840 Weld metal 0–5

Table 4. Summary of the main nanoindentation hardness results and their locations at the LAS/Alloy
52 weld metal for NIWEL AR, NIWEL 5000 h and NIWEL 10,000 h.

NIWEL HVIT (1.5 mN) Location Distance of Peak Hardness from Fusion Line (µm)

As-received 858 Weld metal 0–2
5000 h 733 Weld metal 10

10,000 h 637 Weld metal 20

As seen in Tables 3 and 4, the hardest zone of the LAS/Alloy 52 weld metal interface is the
martensite-like PMZ forming at the FB. Upon PWHT, however, a local strength mismatch is present
with the widening of the CDZ of low hardness and the formation of a hardness peak in Alloy 52 weld
metal starting from the FB. A similar behavior was observed in the NIWEL weld. Thermal ageing
clearly reduces the local strength mismatch, while the position of the decreased hardness peak in
Alloy 52 weld metal moves further away from the FB. The hardness peak in Alloy 52 weld metal
is related to the formation of a CDZ in the LAS side and the diffusion and pile-up of carbon into
the weld metal during PWHT. Therefore, the thermal ageing reduces the hardness peak in the weld
metal side resulting from the diffusion of carbon further away into the weld metal. This correlation of
hardness and carbon pile-up is clearly visible when comparing the nanoindentation hardness maps to
the EDS maps of the carbon content (see Figure 15). Although EDS is not a sensitive method for carbon
measurement, it was one available spectroscopic method reasonably good for qualitative analysis,
showing that the trend of carbon measured with the EDS corresponds well with the nanoindentation
measurement results.

PWHT causing local strength mismatch in the RPV safe-end DMW may be a concern for PWRs.
Previous studies on the fracture mechanical behavior of SINI mock-up showed that PWHT caused a
significant decrease of fracture resistance in the J-R tests from specimens where the pre-crack location
was close to the FB [36]. In the case of SINI PWHT specimens, cracks in J-R tests initiated in LAS
close to the FB and tended to propagate only along the soft LAS CDZ. On the contrary, in SINI AW
specimens, cracks in J-R tests were occasionally deflected over the FB into the weld metal and back
into the LAS, forming a serrated fracture surface [21,36,37]. A serrated type of fracture forms a larger
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surface area, which requires more energy than the formation of a planar fracture surface with a smaller
surface area. The difference in formed fracture surface area may partly explain the higher measured
fracture resistance (JQ and J1 mm) of SINI AW.
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Figure 15. Nanoindentation hardness profiles (1.5 mN) across the LAS/Alloy 52 weld metal interface
in all conditions, with the corresponding EDS maps showing the carbon concentration in (a) SINI
AW, (b) SINI PWHT, (c) NIWEL AR, (d) NIWEL 5000 h and (e) NIWEL 10,000 h conditions. A clear
correlation is seen between the hard layer in Alloy 52 weld metal near the FB and the carbon-rich layer
in the EDS maps.
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Based on the observations made for NIWEL AR and NIWEL 10,000 h, it can be assumed that the
thermal ageing at 400 ◦C does not have significant detrimental effects on Alloy 52 weld metal or the
LAS base material and HAZ. Instead, the LAS CDZ was found to remain microstructurally stable upon
ageing, while the narrow hard layer in Alloy 52 weld metal was found to soften and move further
away from the FB, in association with a progressive disappearance of the carbon build-up due to the
thermal ageing in the weld metal near the FB. The thermal ageing at 400 ◦C for 5000 and 10,000 h is
therefore considered to be slightly beneficial in the case of the RPV safe-end Alloy 52 narrow-gap DMW,
when considering the performance of the DMW in the operation environment (high-temperature PWR
water), as it reduces the strength mismatch at the weld interface. It has been shown that thermal
ageing has a detrimental effect on impact toughness of the narrow-gap DMW LAS HAZ, but the
ductile-to-brittle transition temperature after thermal ageing remains low enough to ensure the safe
operation and shut-down of the power plant [37–40].

5. Conclusions

The influence of thermal ageing after post-weld heat treatment (PWHT) on the microstructures
and hardness levels at the interface of a typical ferrite/austenite narrow-gap dissimilar metal weld
interface was characterized. The main conclusions drawn from this study are summarized as follows:

• Thermal ageing of Alloy 52 at 400 ◦C for up to 10,000 h does not cause any remarkable changes in
the microstructure of the weld metal or in the hardness level from the weld crown (lower hardness)
to the weld root (higher hardness).

• Thermal ageing of the low-alloy steel (LAS) base material and heat-affected zone (HAZ) at 400 ◦C
for up to 10,000 h does not lead to noticeable changes. The microstructure of the LAS HAZ
is determined by the grain-refined, grain-coarsened, and carbon-depleted zone related to the
welding process. A clear correlation was revealed between grain size and hardness variation in
the LAS HAZ.

• The LAS/Alloy 52 weld metal interface was found to be affected by thermal ageing. The local
hardness mismatch caused by the carbon migration from the LAS to the weld metal upon PWHT,
with carbon pile-up next to the interface leading to a significant hardness peak in the weld metal,
was reduced markedly upon thermal ageing. The hardness peak in the weld metal decreased and
moved further away from the fusion boundary in association with a shift and attenuation of the
carbon-rich layer in the weld metal near the fusion boundary after PWHT.
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