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The evolution of nanoscale phase separation in the ferrite phase of super duplex stainless steel 25Cr–7Ni (wt%)
(SDSS 2507) and two SDSS TIG (tungsten inert gas) weldments have been quantitatively investigated by smallangle neutron scattering (SANS). The results show that the phase separation is more pronounced in the SDSS
◦
weldments in comparison to the base metal SDSS 2507, especially after aging for 35,000 h at 300 C. These
results correlate with the higher ferrite micro-hardness in the aged TIG weldments than in the SDSS 2507. The
enhanced phase separation is partly due to the higher contents of Cr and Ni in the ferrite of TIG weldments
compared to SDSS 2507 base metal, revealed by energy-dispersive X-ray spectroscopy (EDS). Additionally, the
residual strain measurements through focused ion beam and digital image correlation (FIB-DIC), indicate larger
residual strains in the ferrite of weldments than in the base metal SDSS 2507. This is also believed to contribute
to the enhanced phase separation.

1. Introduction
Super duplex stainless steel 25Cr–7Ni (wt%) (UNS S32750), con
taining a balanced ferrite (bcc) to austenite (fcc) ratio, possesses good
weldability and an attractive combination of strength and corrosion
resistance [1,2]. The application of these steels and their weldments are,
◦
however, limited to a maximum service temperature of about 250 C as
◦
they suffer from the notorious ‘475 C embrittlement’, leading to sig
nificant changes in mechanical properties such as hardness and tough
ness [3,4]. This problem may be severe during long-term exposure at
service temperatures [5]. This embrittlement is due to ferrite phase
decomposition, also referred to as phase separation (PS), where the
initially homogeneous bcc phase decomposes into a highly coherent
nanostructure of Fe-rich (α) and Cr-rich (α′ ) phases [6]. Extensive in
vestigations have been performed to study the effect of various param
eters such as alloying [7], thermal cycles [8,9], grain boundaries [10]
and dislocations [11], on the kinetics of PS. Most of the work has been
performed on simple laboratory alloys such as binary and ternary Fe–Cr
based alloys, but more works are also appearing on advanced

multicomponent alloys such as duplex stainless steel (DSS).
Welding is quite important for the application of DSS [12–14], and
super duplex stainless steel 25Cr–7Ni (SDSS 2507) generally demon
strate good weldability. However, welding may cause degradation of the
mechanical properties if severe grain coarsening and/or the formation of
excessive ferrite or intermetallic phases occur in the weld metal (WM)
and/or heat affected zone (HAZ) of the DSS welds [15]. In order to
achieve superior weldments, recommendations for DSS welding opera
tion should be followed [13]. The common welding methods used for
DSS involve tungsten inert gas (TIG), metal inert gas (MIG), or sub
merged arc welding (SAW) [13]. For thick plates of SDSS 2507, TIG
welding is considered a good choice as it limits the heat input so that the
fast cooling rate can avoid the formation of unwanted phases, e.g.
intermetallic phases [13], and also limit ferrite grain coarsening. During
TIG welding, filler materials with higher Ni content, and some nitrogen
addition in the shielding gas, are used to promote austenite re-formation
and increase the corrosion resistance. Considering these aspects, high
welding speeds and narrow joint configurations can be achieved while
obtaining the desired microstructure [13,15].
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Table 1
Chemical composition of welds, BM and filler material (wt%).
Material

Fe

C

Si

Mn

P

Cr

Ni

Mo

Cu

N

Weld-1
Weld-2
2507
27.9.5.L

Bal.
Bal.
Bal.
Bal.

0.012
0.015
0.015
0.016

0.38
0.36
0.24
0.40

0.74
0.75
0.83
0.76

0.018
0.017
0.023
<0.020

26.3
26.1
24.8
27.1

7.9
7.6
6.9
8.8

4.3
4.2
3.8
4.5

0.15
0.16
0.23
0.12

0.24
0.25
0.27
0.30

In spite of careful procedures during welding, DSS weldments are
◦
extra sensitive to the ‘475 C embrittlement’ during service [16]. An
atom probe study by Zhou et al. [12] revealed that the PS in the TIG weld
bead 25.10.4 L was much more pronounced than in the base DSS SAF
◦
2507 after aging at 325 C for 3000 h. Hosseini et al. [17] showed that in
SDSS 2507 the WM showed faster kinetics of PS than the base metal
◦
(BM) at 475 C. On the other hand, a recent study from Hosseini et al.
[11] compared the kinetics of PS between base plates and welds of SDSS
◦
2507 aged only for 5 min at 475 C and they found conflicting results
with Zhou et al. [12]: the hot-rolled SDSS plates had initially faster ki
netics of PS than the SDSS welds. It should be noted that their welds had
been solution annealed so that the expected residual strain levels should
be different from a normal weld. It is also uncertain whether such studies
under extreme accelerated conditions can be used to represent realservice conditions, e.g. there can be significant differences with
respect to recovery and stress relaxation, microstructural coarsening and
◦
formation of other phases such as G-phase, comparing e.g. 475 C and
◦
300 C.
A few studies [18,19] have dealt with the effect of TIG welding on the
DSS microstructure. However, its influence on specifically the subse
quent nanostructural evolution at low temperatures, i.e. through PS, has
not been elucidated. A more quantitative comparison of BM and WM in
SDSS 2507 is needed to investigate the effect of TIG welding on the ki
netics of PS during long-term aging at relevant service temperatures. Das
et al. [20] have recently outlined a method for efficient quantification of
PS in DSS using small-angle neutron scattering (SANS) data. That
method allows for quantitative bulk characterization with high sensi
tivity towards minor PS, not attainable by standard nanoscale charac
terization methods such as transmission electron microscopy (TEM)
[21].
This study aims to apply the quantitative methodology proposed by
Das et al. [20] to investigate the phase separation in SDSS 2507 base
metal and two SDSS TIG-weldments. The underlying mechanisms
affecting the change of PS kinetics in DSS weldments are sought, and
hence, the SANS analysis has been supplemented by micro-hardness
measurements, microstructural characterization and residual strain
analysis.

2.2. Microscopy

2. Experimental methodology

ΔτCRSS = N(AηY)3

2.1. Materials and heat treatment

where Г (with a unit like Gb2) is the line tension of a dislocation. The
value of Γ and the numerical coefficient N are 0.591 and 0.041,
respectively, for screw dislocations [22]. Then, the yield stress is con
verted to changes of ferrite hardness by [23]:

Light optical microscopy (LOM) on the microstructures of BM, HAZ
and WM of Weld-1 and Weld-2 were obtained using an Olympus PMG 3.
A modified Beraha II solution consisting of 100 mL water, 50 mL HCl and
0.5 g K2S2O5 was used for etching to reveal the austenite and ferrite in
the samples. Electron backscatter diffraction (EBSD) and energydispersive X-ray spectroscopy (EDS) were performed using a JEOL
JSM-7800F field-emission gun scanning electron microscope (FE-SEM),
equipped with Bruker e-FlashHR EBSD detector and Bruker XFlash 6–30
EDS detector. The software Bruker Quantax was used for data acquisi
tion and post-processing of EBSD and EDS data. Prior to the EBSD/EDS
measurements, specimens were exposed to polishing with 0.02 μm
colloidal silica and then electro-polished in a 10 wt% HClO4 – Ethanol
solution at room temperature using a voltage of 20 V.
2.3. Hardness testing and modeling
2.3.1. Micro-hardness measurements
The micro-hardness of ferrite has a strong relation with the extent of
PS during aging at low or intermediate temperatures [5]. In order to
investigate the hardness evolution in the ferrite and austenite, Vickers
micro-hardness measurements within the ferrite and austenite phases
were performed using a Qness Q10 micro-hardness tester with a small
load of 5 g on the transverse section of the fusion zone of the weld
specimens. The diagonal of the indentation is 5 μm for each phase. Prior
to micro-hardness measurements, the specimens were polished down to
0.25 μm diamond finish and lightly etched using a solution of 100 mL
HCl, 10 mL HNO3 and 100 mL H2O to reveal the boundaries of austenite
and ferrite phases. An average of 10 measurements per phase were
taken. The uncertainty of the measured hardness was estimated to be
±15 HV.
2.3.2. Hardness model
The hardness increase caused by SD can be predicted by the Ardell
◦
screw dislocation hardening model [22] at 300 C for SDSS 2507 [5]:
(
5

The materials were supplied by Outokumpu Stainless AB. The BM
◦
SDSS 2507 was isothermally aged at 300 C for up to 48,000 h, whereas
the weldments, which are more susceptible to PS, were only aged for
◦
35,000 h at 300 C. The weldments, Weld-1 and Weld-2, both joined two
17.8 mm-thick SDSS 2507 plates using the TIG method. The filler ma
◦
terial 27.9.5.L was used and an inter-pass temperature of ~100 C as
well as N2 shielding gas was applied. The chemical composition of the
two weldments, analysed by glow-discharge optical emission spectros
copy (GDOES) plus melt extraction for C and N, is shown in Table 1. The
nominal composition of the BM and filler materials are included in
Table 1 as well. Weld-1 was designed to have 15 welding passes while
Weld-2 only had 11 passes. During the TIG welding, the total heat input
for Weld-1 is 11.4 kJ/mm and for Weld-2 11.7 kJ/mm. Due to the
different number of welding passes, the average heat input per pass for
Weld-1 and Weld-2 is 0.76 and 1.07 kJ/mm, respectively.

ΔHV =

Λb

)2/3

Г

M × ΔτCRSS
2.876

(1)

(2)

where M is the Taylor factor for polycrystalline BCC metals and was
found to be approximately equal to 2.733 [24]. In this work, using the
values of amplitude (A) and wavelength (Λ) (quantified by SANS), the
hardness changes can be predicted and then compared to the actual
changes.
2.4. Small-angle neutron scattering (SANS)
2.4.1. Experimental details
SANS experiments were conducted at the LOQ beamline at the ISIS
2
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Fig. 1. Illustration of fitting (a) the complete scattering data and (b) the background.

Pulsed Neutron and Muon Source, UK. At the LOQ beamline the incident
neutrons have wavelengths (λ) in the range of 2.2− 10 Å, which enables
scattering vectors (Q = (4π sin θ)/λ, where 2θ is the scattering angle) of
0.008− 1.4 Å− 1 to be measured simultaneously [25]. The weldment
samples for SANS experiments were cut from the upper part of the weld
bead (which includes parts of the BM), with the dimensions 10 ×10
×1.5 mm3. Prior to the experiments, the samples were ground and
polished to remove any surface oxide film that may have been present.
The samples were positioned at about 11 m from the moderator and two
detector banks were used to collect the scattered neutrons. The first is an
annular scintillator area detector at 0.5 m from the sample with 12 mm
resolution. The second detector is an ORDELA area detector (64 cm ×
64 cm) filled with 3He-CF4 gas with a 5 mm resolution located 4.15 m
from the sample area. The collimated neutron beam diameter was 6 mm
and all measurements were conducted for ~2.5 h at ambient
temperature.

4), and Bg is the residual Q-independent background level. The spinodal
model used here is taken from the work of Furukawa [31] and is as
follows:
(
)
γ) /(γ
+ x2+γ
I(Q)spinodal = Ipeak 1 + x2
(4)
2
2
where x = Q/Qpeak, Qpeak is the peak position and Ipeak is the intensity at
Qpeak, see Fig. 1 (a). The term γ is equal to d + 1 or 2d. Here, d is the
dimensionality and 3 was used in this work. The fit of Eq. (3) to the
SANS data is reasonably good [5,20,32], as shown in Fig. 1 (a) The
normalized scattering intensity (NSI) was plotted in the following way to
show the evolution: the I(Q)fit was first normalized by the background
)
I(Q)
function Bfit (i.e., Bfitfit to reveal the shape of the underlying spinodal
signal (In). This “In” was then fitted to a Gaussian function S(Q)fit. The
signal from PS was then obtained by removing the contribution of the
background and normalizing it with respect to Bfit (see Fig. 1 (b)), i.e. S
(Q) = Bfit(S(Q)fit − Bfit/Bfit) [20],.

2.4.2. Reduction and normalization of SANS data
MantidPlot framework (version 5.1.1) [26,27] was used to radially
average the data from 2D to 1D after SANS data collection. The pro
cedure corrected for efficiency and spatial linearity of the detectors, the
neutron absorption of the sample (sample transmission), the instru
mental background scattering and the illuminated gauge volume. The
overall purpose of the above data reduction was to obtain the macro
scopic coherent elastic differential scattering cross section (dΣ(Q)/dΩ),
colloquially referred to as the intensity I (unit: cm− 1) [25], as a function
of Q. These data were then placed on an absolute scale by reference to
the scattering from a calibration standard [28]. In order to extract the
independent contribution of WM from the SANS signal, the fraction of
WM in the neutron-illuminated area (6 mm-diameter neutron beam) was
estimated from LOM images. This fraction of WM was subsequently used
to normalize the scattering intensity to quantify PS in the WM. This data
treatment enabled us to isolate the SANS signal from the WM, but the
procedure is associated with an uncertainty estimated to be ~ 5%.
The method to quantifying the characteristic distance, i.e. wave
length (Λ), and compositional fluctuation, i.e. amplitude (A), has been
described previously [20]. First, the reduced SANS data was normalized
versus the background: using the SasView software (version 4.2.2) [29],
a combination of a power-law background function [9,30] and a
generalised spinodal function was fitted to describe the PS [31]:
I(Q)fit = I(Q)spinodal + Bfit

2.4.3. Quantification of SANS data
The method to quantify the SANS data has also been shown in our
previous paper [20]. The wavelength (Λ) of the PS can be obtained from
Qpeak using the simple expression: Λ = 2π/Qpeak. For the investigated
samples, it is the ferrite in which the PS occurred and which contributes
to the correlation peak in the SANS data. Thus, the volume fraction of
the ferrite for the investigated samples was firstly analysed by EBSD.
Then the amplitude quantification can be performed according to [20]:
( )3
Λ
Ipeak = φ (1 − φ)
(5)
(Δρ)2
2
where φ is the volume fraction of the α’ phase in the ferrite and Δρ is the
neutron scattering length density (SLD) difference between the α and α’
phases. The amplitude (A at. %) can be obtained by the following
expression [20]:
A (at.%) = Δρ

10 at.%
− 2

0.5 × 10− 6 Å

(6)

The above method was recently successfully applied to a study of the
amplitude and wavelength evolution in DSSs [5]. The main approxi
mation involved is that the phase-separated domains are cubes with
edge length Λ/2.

(3)

where Bfit = Apower_lawQ− n + Bg, the prefactor Apower_law determines the
relative contribution of that term, n is a power law exponent (1.5 ≤ n ≤
3
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Fig. 2. (a) SEM image of a ring-core milled ferrite of DSS 2507; Normalized relaxation strain as a function of normalized relative depth for: (b) FIB ring-core drilling
measurement of single-phase austenitic stainless steel; (c) FIB ring-core drilling measurement of DSS 2507 in the as-cooled state.

2.5. Focused ion beam – digital image correlation (FIB-DIC) for residual
strain analysis

depth. The increment of each milling step was in the range of 200 to 300
nm.

2.5.1. Experimental details
The FIB milling was performed in a FEI Nova 600 NanoLab. Prior to
FIB-DIC analysis, specimens were finally electro-polished in 10% HClO4
in a methanol solution using a voltage of 20 V for 2 min. Randomized
surface patterns, consisting of irregular shapes with an overall external
size of the patterned area of 7×7 μm2,was generated on the sample
surface at the region of interest through e-beam Pt deposition at 5 kV
and 6.3 nA. Ion beam milling of annular rings was carried out at 30 kV
and a low beam current of 0.3 nA in order to reduce beam damage and
re-deposition at the core [33,34]. Secondary electron imaging after each
milling step was captured with an image size of 2048×1887 pixels with
30 μs dwell time per pixel. The beam drift was monitored during milling
and a correction was applied when necessary. An island diameter (d) of 6
μm and an annular trench width of 4.5 μm were selected to balance the
milling time, accuracy of strain evaluation, and make it convenient to
measure the height of the central pillar (real milling depth, h) [35], see
Fig. 2 (a). The image comparison between the pattern on the FIB ring
drilled island with the undisturbed pattern were processed by Ncorr
(version 1.2), which is an open source Matlab program for 2D digital
image correlation (DIC) analysis [36]. This approach allowed the
determination of the displacements of the deposited individual Pt shapes
in the pattern, and hence the strain relief of the central pillar after each
FIB milling to be computed. In this study, the FIB ring-core milling was
performed on the ferrite of BM and weldments in the condition prior to
low temperature aging. In total eight and five depths were milled step
wise on BM and weldments, respectively, to reach 0.3 in relative milling

2.5.2. Residual strain calculation and validation
Prior to the measurements on the DSS, the FIB-DIC methodology was
validated by the following method: a hot-rolled single-phase austenitic
◦
stainless steel (ASS) Fe-18Cr-10Ni (wt%) was homogenized at 1100 C
for 10 min and slowly furnace cooled. This annealing was performed to
minimize residual strains in the sample and reach a near strain-free
state. The above-mentioned ring-core milling was performed on the
sample and the distribution of strain on the surface of the central pillar
after each milling step was calculated by Ncorr, see the demonstration in
Fig. 2 (a). Thereafter, those strain values were averaged out to obtain the
total strain relief at each milling depth. In such case, the positive strain
value (+) means the central pillar is stretched, and therefore the whole
sample is compressed; On the contrary, the negative strain value (− )
corresponds to the sample is stretched. The relaxation strain against
relative milling depth (D = h/d) were plotted, see Fig. 2 (b). The
relaxation strain did not show obvious change with the increase of
milling depth in the annealed sample. This shows that the FIB-DIC
analysis is not prone to generate artificial strains in annealed singlephase samples and that the method could be suitable for the intended
purpose in the present work. Due to the limitation of the austenite and
ferrite phase size in this work, the maximum depth milled was only 1.5
μm in order to avoid the beam penetrating into the neighbouring phase
and reduce the material re-deposition onto the core surface. In order to
obtain the fully relaxed strain, the curve of milling depth versus strain
was extrapolated by a non-linear curve fitting function:

4
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Fig. 3. LOM images of as-received Weld-1 (dark: ferrite; bright: austenite): (a) BM and (b) WM; and Weld-2: (c) BM and (d) WM.

Fig. 4. EBSD phase maps of WM for (a) Weld-1 and (b) Weld-2 (blue and red colours represent ferrite and austenite, respectively). (For interpretation of the ref
erences to colour in this figure legend, the reader is referred to the web version of this article.)

phase. This is witnessed as positive relaxation strain values for ferrite
and negative values for austenite. The goodness-of-fit was measured by
the reduced chi-square (χ 2), for ferrite and austenite which are 1.16 ×
10− 8 and 1.80 × 10− 8, respectively. These fits and extrapolations are
reasonably good, indicating a high correlation between the extrapolated
strain and relative milling depth. From the extrapolation, the relaxation
strains of ferrite and austenite are 1.35×10− 3 and − 1.37×10− 3,
respectively. Both values are in reasonable agreement with previous
studies [37,38].

Table 2
Volume fraction and grain size of different phases in the investigated materials.
Materials
Weld-1
Weld-2
SDSS 2507 (BM) [32]

Δε =

A1 − A2
+ A2
1 + (D/D0 )p

Volume fraction (%)

Grain size (μm)

Ferrite

Austenite

Ferrite

Austenite

57.0 ± 0.4
67.3 ± 0.5
40.6

43.0 ± 0.4
32.7 ± 0.4
59.4

18.3 ± 0.2
15.4 ± 0.2
4.8

12.9 ± 0.2
11.6 ± 0.1
3.9

3. Results

(8)

3.1. Microstructures

where A1, A2, D0, p are fitting parameters. The fitting and extrapolation
are shown in Fig. 2 (c). Due to the difference of thermal expansion co
efficient between austenite and ferrite [37], the initial residual strains
are compressive (− ) in the ferritic phase and tensile (+) in the austenitic

The LOM images of the two weldments are shown in Fig. 3, in which
the ferrite is dark and the austenite appears bright. The BMs (Fig. 3 (a)
5
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matrix. Intragranular austenite was also observed in the WM. The ferrite
fraction in WM increases compared to the BM for both weldments.
From the EBSD phase map of the welds (see Fig. 4), it can be seen that
the welds have a matrix of coarse ferrite grains (blue) and dendritic
austenite grains (red). In comparison, e.g. Xu et al. [32] presented the
microstructure of hot-rolled SDSS 2507, where the austenite is lined up
in rows as a banded structure. The volume fraction and the grain size of
the ferrite and austenite in the two weldments are shown in Table 2,
together with the results from the hot-rolled SDSS 2507 analysed in Xu
et al. [32]. Weld-1 and Weld-2 have larger ferrite volume fraction than
SDSS 2507 as well as larger grain size for austenite and ferrite. It is worth
noting that the ferrite and austenite grain size (refer to Table 2) in Weld1 is larger than in Weld-2, see Fig. 3 (b) and (d), respectively.
The EDS results showing the chemical composition of the phases in
the two weldments and BM in the as-cooled state are given in Table 3.

Table 3
Chemical composition of the two weldments and BM in the as-cooled state,
quantified by EDS (wt%).
Samples

Area

Fe

Si

Mn

Cr

Ni

Mo

Cu

Weld-1

Bulk

60.1
± 0.4
59.7
± 1.2

BCC

60.3
± 0.6

Bulk

61.0
± 0.4

FCC

60.7
± 0.5

BCC

61.5
± 1.0

Bulk

63.2
± 0.2

FCC

63.5
± 0.4

BCC

62.3
± 1.2

0.5
±
0.1
0.5
±
0.1
0.5
±
0.1
0.5
±
0.1
0.5
±
0.1
0.4
±
0.1
0.6
±
0.1
0.7
±
0.1
0.5
±
0.1

26.5
± 0.2

FCC

0.4
±
0.1
0.4
±
0.1
0.4
±
0.1
0.4
±
0.2
0.4
±
0.1
0.4
±
0.1
0.3
±
0.1
0.3
±
0.1
0.4
±
0.1

7.9
±
0.2
8.5
±
0.6
7.5
±
0.6
7.5
±
0.2
8.0
±
0.8
7.1
±
1.3
7.0
±
0.1
8.0
±
0.3
5.2
±
0.4

3.8
±
0.1
3.7
±
0.1
3.9
±
0.4
3.7
±
0.6
3.4
±
0.4
3.5
±
0.6
3.0
±
0.3
2.6
±
0.5
4.0
±
0.7

0.8
±
0.1
0.9
±
0.1
0.8
±
0.1
0.9
±
0.1
0.9
±
0.3
0.8
±
0.3
0.9
±
0.1
0.9
±
0.1
0.9
±
0.3

Weld-2

SDSS
2507
(BM)

26.4
± 0.3
26.7
± 1.0
26.1
± 0.2
26.1
± 0.6
26.2
± 0.6
25.0
± 0.1
24.0
± 0.2
25.9
± 0.8

Table 4
Wavelength and amplitude of PS in the ferrite of SDSS 2507, Weld-1 and Weld-2.

and (c)) show elongated austenite grains in the rolling direction
distributed in the ferrite matrix while the WMs (Fig. 3 (b) and (d)) have
a typical solidification microstructure, containing a Widmanstätten-like
austenite structure. The dendritic structure precipitated from ferrite
grain boundary and align parallel to each other in the coarse ferrite

Aging time
(h)

Wavelength (nm)

Amplitude (at.%)

SDSS
2507

Weld-1

Weld-2

SDSS
2507

Weld-1

Weld-2

0

4.3±0.2

6000

4.1±0.2

12,000

4.0±0.2

24,000

3.9±0.1

4.4
±0.2
3.9
±0.2
3.9
±0.2
–

4.2
±0.2
4.2
±0.2
4.1
±0.2
–

15.1
±1.2
19.6
±1.4
30.1
±1.7
–

16.6
±1.3
21.8
±1.5
32.5
±1.6
–

35,000

–

48,000

3.9±0.1

4.0
±0.1
–

4.2
±0.1
–

15.1
±1.1
16.9
±1.2
17.7
±1.3
19.8
±1.3
–

43.9
±1.8
–

48.1
±1.9
–

26.0
±1.5

Fig. 5. The 1D reduced SANS data during aging at 300 ◦ C from (a) SDSS 2507 (adapted figure from Ref. [5]); (b) Weld-1 and (c) Weld-2; NSI from (d) SDSS 2507
(adapted figure from Ref. [5]), (e) Weld-1 and (f) Weld-2,
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Fig. 6. (a) Wavelength and (b) amplitude (with linear fitting) of PS in the ferrite of SDSS 2507, Weld-1 and Weld-2.

For the bulk composition, the contents of Cr and Ni are quite close to the
as-received nominal composition (Table 1) for all three kinds of samples,
whilst the Cu and Si contents are slightly higher and the Mo and Mn are
slightly lower. In the ferrite phase of each specimen, Weld-1 and Weld-2
clearly have higher Ni content than the SDSS 2507, as well as slightly
higher Cr contents. The Ni content in the austenite phases is higher than
that in the ferrite for all the investigated samples, especially in the case
of Weld-1 (8.45 wt%). Conversely, the Cr content of the austenite phase
is slightly lower in all samples.

48,000 h (26.0 at.%). Finally, after 35,000 h aging, the amplitude of
Weld-1 and Weld-2 increased to 48.3 at.% and 56.6 at.%, respectively.
The amplitude evolution in the two weldments is much more significant
than in the BM, increasing by 33.2 at.% and 40.0 at.%, respectively.
Correspondingly, in Fig. 6 (b), it is shown that the slopes of linear fits for
SDSS 2507, Weld-1 and Weld-2 are 2.2, 8.2 and 8.9, respectively, indi
cating faster kinetics of PS in the two weldments compared to SDSS
2507. The trends of the amplitude evolution correlate well with the NSI
evolution shown in Fig. 5.
3.3. Micro-hardness

3.2. SANS quantification

The micro-hardness of ferrite and austenite are shown in Fig. 7. The
micro-hardness of the austenitic phase remained close to constant dur
ing aging for the two weldments, see Fig. 7 (a). It is worth noting that the
two weldments show slightly higher micro-hardness of austenite than
BM, which is most likely due to the higher content of Cr and Ni elements
from the filler material introduced during the welding. On the other
hand, there were observable increases in the ferrite hardness with
increasing aging time for both BM and the two weldments, see Fig. 7 (b).
When the aging time is lower than 12,000 h, ferrite in all samples
experienced significant hardening, and the two weldments had higher
hardness as well as hardening rate than the BM. The increase of ferrite
micro-hardness of the the BM was 40.7% after aging for 12,000 h, while
the values were 50.7% for Weld-1 and 51.0% for Weld-2. It is observed
that in the as-cooled state, the initial ferrite hardness for BM and the two
weldments are similar. However, the ferrite hardness of the two weld
ments increases faster, and the rate of hardening accelerates with the
increase of aging time (within 12,000 h). Then, the hardening rate of all
three samples reduced after 12,000 h: the increase of ferrite hardness
were 13.6% for Weld-1 and 14.3% for Weld-2. Nevertheless, they are
still larger than that of BM (10.5%), even though the aging time of BM
was longer (48,000 h). Fig. 7 (c) shows the predicted hardness increase
of ferrite in two weldments by Ardell-screw model [22] and the com
parison to the actual experimental hardness change (The predicted
◦
ferrite hardness increase of SDSS 2507 at 300 C can be seen in Fig. 10
from Ref. [5]). It was observed that the predicted hardness increase are
in good agreement with the experimental results, even though this
model has slightly underestimated the hardness increase.

The SANS data for the investigated samples are shown in Fig. 5. In
general, the correlation peaks of all investigated samples evolve with an
increase of aging time for all specimens, see Fig. 5 (a)-(c). For SDSS 2507
(Fig. 5 (d)), it is hard to distinguish the difference in the NSI from 0 to
24,000 h and the NSI peak is clearly higher only after 48,000 h aging.
For the two weldments (Fig. 5 (e) (f)), the NSIs overlap until 6000 h and
then the peaks evolve more significantly. The NSI of Weld-1 at 12000 h
is close to that of SDSS 2507 at 48000 h, indicating a similar degree of
PS. Moreover, at the aging time of 12,000 h, Weld-2 shows higher peaks
than Weld-1. For the prolonged aging time, Weld-1 and Weld-2 both
show an obvious increase of NSI at 35000 h aging, in which the NSI peak
of Weld-2 is higher than that of Weld-1. The NSIs of the two weldments
are much higher than that of the SDSS 2507, even though 2507 expe
rienced a longer aging time (48,000 h). Hence, the two weldments show
significantly faster kinetics of PS as compared to the BM. The acceler
ating effect becomes apparent at least after 12,000 h aging and, signif
icantly more severe PS is observed after 35,000 h.
The values of wavelength and amplitude are presented in Table 4 and
plotted in Fig. 6. A decrease of wavelength is observed during aging up
to 12,000 h for each sample, decreasing by 0.3 nm (7.0%) for 2507, 0.5
nm (11.4%) for Weld-1, 0.1 nm (2.4%) for Weld-2, respectively. Then
after aging for 35,000 h, slight increases (0.1 nm) of wavelength for both
Weld-1 and Weld-2 are observed (2.6% for Weld-1 and 2.4% for Weld-2,
respectively), meanwhile the wavelength of SDSS 2507 remains the
same until 48,000 h. As shown in Fig. 6 (a), in general, the fluctuations
of wavelength are minor, as the PS is still in the early stage. Regarding
the change in amplitude, the increase for SDSS 2507 is only 10.9 at.%
over the whole aging period, while, for the two weldments, a rapid in
crease of amplitude was observed after only 12,000 h aging, both values
of which are even higher than the amplitude of SDSS 2507 aged for
7
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Fig. 7. Micro-hardness of SDSS 2507, Weld-1 and Weld-2 for (a) austenite and (b) ferrite, respectively; Comparison between the measured changes in hardness (from
Fig. 7 (b)) and model predictions based on the Ardell [22] approaches (input parameters, i.e. wavelength and amplitude, are from Table 4) following aging of (c)
Weld-1 and (d) Weld-2 at 300 ◦ C.

3.4. Residual strain

fluctuation was previously observed for the unaged SDSS 2507 [5,39], it
indicates that the welding process would lead to more Cr clustering and
possibly PS, since it is most likely kept longer time within the miscibility
gap. During the subsequent aging, the more pronounced nanostructural
evolution in the weldments than in the BM shows that the TIG welding
accelerated the kinetics of PS in SDSS especially for prolonged holding at
low temperature. This is in agreement with the APT study by Zhou et al.
[12]. The carbon content is very low (see Table 1) so carbide formation
should therefore not contribute significantly to hardening. Moreover, no
other precipitates e.g. intermetallics have been observed, see Fig. 3.
Hence, the increase of ferrite micro-hardness is primarily due to the
evolution in Cr amplitude, which can be predicted by a suitable hard
ening model [5]. Here the sequence of hardening rate from high to low is
Weld-2 > Weld-1> SDSS 2507, which is in good agreement with the
increase of Cr amplitude (refer to Table 4). It is concluded that the TIG
welding accelerated the kinetics of PS and therefore, accelerated the
hardening rate of SDSS 2507.

The relaxation strain profiles of the ferrite are shown in Fig. 8, in
which the fully relaxed strains for Weld-1 and Weld-2 are estimated as
3.05×10− 3 and 4.7×10− 3, respectively. The values of χ 2 for SDSS 2507,
Weld-1 and Weld-2 are 1.16 × 10− 8, 1.31 × 10− 8 and 1.51 × 10− 8,
respectively, which are low enough to show a high correlation between
extrapolated strain and relative milling depth. Therefore, it can be
clearly seen that the sequence of relaxation strain in ferrite (from large
to small in absolute value) is Weld-2 > Weld-1 > SDSS 2507.
4. Discussion
4.1. Phase separation and hardness response
The long-term isothermal aging of base metal SDSS 2507 and
weldments Weld-1 and Weld-2 at 300 ◦ C lead to an evolution in Cr
fluctuation within the ferrite phase. The weldments show slightly higher
NSI than the BM for the non-aged samples (see Fig. 5). Since the slight Cr
8
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some extent and thus lower the rate of PS.
5. Conclusions
This paper has compared the kinetics of phase separation on base
metal SDSS 2507 and TIG-welded SDSS weldments subjected to
◦
isothermal long-term aging at 300 C. Phase separation occurs within
ferrite in the investigated alloys under the experimental conditions. The
increase in hardness is caused by the nanostructural Cr fluctuations
within the ferrite phase. Moreover, EDS and FIB-DIC analysis were
performed to further investigate the underlying mechanism of the
accelerated rate of PS. Key findings are summarised below:
1) The TIG welding can promote subsequent phase separation and
hardening in super DSS at the application temperature, especially
during prolonged aging;
2) The cause of pronounced phase separation in weldments is partly
attributed to the higher internal residual strains in the weldments
imposed by the welding process; and, the higher content of Cr and Ni
in the weldment compared to the base metal also contribute to
higher rate of phase separation;
3) The heat input per pass during TIG welding is shown to have an effect
on the kinetics of phase separation with a more pronounced phase
separation for the weld with higher heat input.

Fig. 8. FIB ring-core drilling measurements on the ferrite of SDSS 2507 and
weldments Weld-1 and Weld-2 in as-cooled state (normalized strain relief as a
function of normalized milling depth).

4.2. Alloying element effect on phase separation
The faster rate of PS in weldments could be due to their higher Cr and
Ni content compared to the SDSS 2507. The accelerating effect of
alloying elements, e.g. Cr [32] and Ni [7,40,41], on the rate of PS in
Fe–Cr based alloys has been reported before, although in this work the
difference of Cr content is minor. The contents of Mo, Si, Cu and Mn only
show minor differences between the weldments and BM, so their effects
on the kinetics of PS should be negligible. However, when only
comparing the weldments, Weld-2 shows faster kinetics of PS, as well as
hardening rate, than Weld-1 at the same aging time, which clearly be
comes more pronounced with increasing aging time. These two weld
ments were both welded from the SDSS 2507 by the TIG welding
technique using the same filler material, and the chemical composition
analysis of the weldments showed that the contents of Cr, Ni and Mo are
even slightly higher in the ferrite of Weld-1 (see Table 3). Hosseini et al.
[11] have claimed that for PS, the influence of processing route is more
crucial than slight variations in composition. Here it should be kept in
mind that Weld-2 has had a higher heat input in each welding pass so the
effect of different welding protocols is discussed next.
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4.3. Residual strain effect on phase separation
The more severe PS of the weldments could also be due to the
introduced residual strains during the welding process itself, with ex
pected high internal strains promoting PS. It was reported that austenite
would experience more expansion than ferrite when heated to the
welding temperature range [37] and therefore the ferrite will experience
compressive strains after cooling. Hosseini et al. [11] observed a higher
density of dislocations next to the austenite phase boundary which
promotes the PS, which correlates to the higher residual strains in the
ferrite in this work and therefore leads to the increase of PS kinetics.
Dahlström et al. [42] studied the pure elastic stress effect on PS by APT
and phase-field modeling, and found that spinodal decomposition is
more severe with higher applied external tensile stress in Fe-35 at.%Cr
system. In addition, the accelerated kinetics of PS in Weld-2 than Weld-1
is most probably due to the different welding protocols. Weld-2 expe
rienced fewer welding passes, but each pass had a higher average heat
input although the total heat input was almost the same. The higher heat
input in each pass would lead to more residual strains, resulting in
higher internal strains (see Fig. 8) and therefore promoting PS [12].
Moreover, the more welding passes in Weld-1 (15 passes) will lead to a
more pronounced tempering effect to the prior passes during TIG
welding [43], which could relieve the strains imposed from welding to
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