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Ageing of Cast Austenitic Stainless Steels (CASS) was attributed to the decomposition of the ferrite by
spinodal decomposition and precipitation of G-phase particles. This leads to an increase in hardness and
a decrease in Charpy-impact energy. It is possible to restore the mechanical properties of these steels
by annealing treatment above the Fe-Cr miscibility gap in order to dissolve «’ phase. In this work, an
annealing treatment for 2 h at 550 °C followed by water quenching was applied to various Mo-free and
Mo-bearing steels. This treatment allowed to restore almost completely the mechanical properties of Mo-
free steels and partly Mo-bearing steels regardless of the initial ageing time. The mechanical property
changes were attributed to the complete dissolution of spinodal decomposition and complete or partial
dissolution of G-phase particles. After annealing, a re-ageing kinetics was studied. The preexisting G-
phase particles have minor influence on the kinetic of spinodal decomposition until 2,400 h at 400 °C.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Some components of Light Water Reactors (LWR) were made
in cast austenitic stainless steels (CASS). The mechanical properties
of these steels evolve at service temperature (285 °C-323 °C) be-
cause of the ferrite decomposition into three phases: o (Fe rich)
and «o’(Cr rich) phases via spinodal decomposition and G-phase via
precipitation [1-4]. The ageing leads to a decrease in toughness
and an increase in hardness. Our previous work [3], showed that
spinodal decomposition and G-phase precipitation at the o/ 'in-
terfaces have similar contribution to hardening in Mo-free steels
aged in the (323 °C —350 °C) range in the first part of the kinet-
ics (up to 30,000 h at 350 °C or 200,000 h at 323 °C). In Mo-
bearing steels, G-phase precipitation at the o/’ interfaces is the
main contributor to ferrite hardness increase because of its high
number density (>102* m — 3). Consequently, to restore the me-
chanical properties, one possibility is to anneal CASS at tempera-
tures high enough to dissolve these phases.

For 25-30 wt% Cr contents, the upper limit of the «-o’ mis-
cibility gap of the binary Fe-Cr system is around 520 °C [5]. It is
therefore possible to dissolve « and «’ phases formed by spinodal
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decomposition by annealing the material at a temperature greater
than 520 °C as shown by Chung et al. [4,6], Li et al. [7] and Danoix
et al. [8] who performed annealing at 550 °C and 600 °C [4,6-8].
Nevertheless, at these temperatures, large G-phase particles were
still observed. After annealing of Mo-free steels, the dissolution of
o and o’ zones permitted to restore completely the mechanical
properties (Charpy-impact energy, hardness) of the material what-
ever the initial ageing time and ageing temperature [4,6,7]. The au-
thors concluded that the low density of large G-phase particles ob-
served by Transmission Electron Microscopy (TEM) did not affect
hardening. For Mo-bearing steels, two behaviors depending on the
initial ageing temperature were observed after annealing. Mechan-
ical properties (Charpy-impact energy, hardness) of alloys aged at
400 °C, were partially recovered due to a total dissolution of spin-
odal decomposition and a partial dissolution of G-phase particles
[8,9]. Mechanical properties of alloys aged at 350 °C were com-
pletely restored due to the total dissolution of o/’ decomposition
and G-phase particles.

Increase of the annealing temperature could be a solution to
dissolve all G-phase particles, but other phases such as the o or
X phases can precipitate, resulting in an undesirable loss of duc-
tility. Knowing the influence of the small G-phase particles ap-
pearing at the o/a’ interfaces on the mechanical properties de-
pending on their number density [3] it is therefore necessary to
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Table 1
Chemical composition in wt%. The volume fraction of ferrite (5(%)), thermal ageing treatments (ageing, annealed and re-ageing) are also
given.
Ageing time Ageing
CASS (wt%) Cr Si Ni Mo Mn C Fe 8(%) intervals (h) temperature (°C)
?I\_/IBoS-ge[alr}rl ) 200,000 350
B-350 [3] 5. 2008 1.12 11.68 249 0.81 0.03 Bal. 17
. 200,000 h at 350 °C + 2 h at 550 °C
(Mo-bearing)
(CA'/I‘fB?ree) 2400 400
C-400 2030 0.95 840 0.04 0.84 0.03  Bal. 12
(Mo-free) 2400 h at 400 °C + 2 h at 550 °C
fl\_/?os-?re[j)] 200,000 350
E-350 19.87 081 847 0.18 0.44 0.03 Bal. 13.5
(Mo-free) 200,000 h at 350 °C + 2 h at 550 °C
G-400 [3]
(Mo-bearing) 2400 400
G-400 [3] 21.68 094 9.61 2.64 0.82 0.03 Bal 285 2400 h at 400 °C + 2 h at 550 °C

(Mo-bearing)
G-400
(Mo-bearing)

2400 h at 400 °C + 10 h at 550 °C
2400 h at 400 °C + 2 h at 550 °C + 300 h
and 2400 h at 400 °C

investigate the effect of annealing on the G-phase particles at the
nanometric scale. Moreover, it is important to quantify the effect of
pre-existing G-phase particles (not fully dissolved by the annealing
treatment) on the re-ageing kinetics. Indeed, if the G phase parti-
cles still present after dissolution cause an acceleration of the ki-
netics, the interest of the annealing could be limited.

The aims of this paper are to study on one hand the effect of
an annealing treatment at 550 °C on the microstructure and micro-
hardness of the ferrite of Mo-bearing and Mo-free steels, and on
the other hand the kinetics of phase separation during re-ageing
after the annealing treatment in Mo-bearing alloys.

2. Materials and methods
2.1. Materials

Mo-free and Mo-bearing steels were provided by Electricité de
France (EDF). A first homogenizing heat treatment were applied
around 1100 °C during several hours to fix the ferrite content.
Once the duplex structure obtained, the alloys were aged at dif-
ferent temperatures for different ageing times. Compositions and
thermal ageing treatments were provided in Table 1 together with
the volume fraction of ferrite. The volume fraction of ferrite was
calculated in function of alloy composition using the formula pro-
posed by Bonnet et al. [10]. In the following, the term anneal-
ing treatment was choosing to refer to the heat treatment per-
formed to restore mechanical properties of aged steels. Re-ageing
refers to ageing of materials which were annealed (heat treatment
after full/partial recovery of mechanical properties). An annealing
treatment, consisting of a 2 h holding at 550 °C followed by wa-
ter quenching, was performed on alloys that previously underwent
ageing treatments of 200,000 h at 350 °C or 2400 h at 400 °C. Re-
ageing of annealed alloys was subsequently performed at 400 °C.
The microstructural characterization of B-350 aged at 200,000 h
at 350 °C was performed by Pareige et al. [11] and E-350 aged at
200 000 h at 350 °C, G-400 aged at 2400 h at 400 °C and B-350
annealed 2 h at 550 °C by Badyka et al. [3].

2.2. Methods

2.2.1. Microstructural characterization
Atom probe tomography (APT) analyses of the ferrite of the al-
loy were conducted using a high resolution local electrode atom

probe, LEAP 4000 HR (CAMECA). During experiments, specimens
were cooled down to 45-50 K in order to avoid preferential field
evaporation of chromium. Atoms were evaporated by applying an
electric pulse of 20% of the DC voltage with a pulse repetition rate
of 200 kHz and with a detection rate equal to 0.3%. The detec-
tor efficiency is 36%. The basic principle of APT technique may
be found in different books or articles [12-14]. APT samples were
prepared either by focus ion beam (FIB) or by standard electro-
polishing methods. 3D reconstructions were performed using IVAS
software (CAMECA) and the data were analysed using the three-
dimensional data software for atom probe users developed by GPM
Rouen, France. For reconstruction, an image compression factor
equal to 1.5 and a field factor value ranging between 3.6 and 5
(depending of the analysed sample and on the fact that samples
were on micro-coupon or not) were used. Field factor values were
adjusted so as interplanar distances corresponding to the detected
crystallographic directions are correct for each experiment.
Characterization of the microstructure was performed with the
same parameters as in [3]. Spinodal decomposition is character-
ized by its wavelength and amplitude. The mean wavelength of
the spinodal decomposition (A) was estimated using autocorrela-
tion functions calculated from 1D Cr concentration profiles [15].
The profiles were drawn by extracting volumes of square cross sec-
tion of 1 x 1nm? from the whole analysed volume and by mov-
inga1 x 1 x 1 nm3 box along the z axis with a step value of
0.1 nm. The mean wavelengths have been calculated over at least
50 concentration profiles for each APT volume and from at least
three different tips for each condition. The wavelengths were de-
rived from the first two peaks of each auto-correlation profile. The
uncertainty on the wavelengths is equal to twice the standard de-
viation calculated over more than 300 values of wavelength per
condition. The amplitude of spinodal decomposition is defined by
ACr = Cepqr — Cergr Where Crpy and Cep, are the Cr concentration
in o’ and o zones respectively. Composition of o’ and « zones was
derived using the method proposed by Zhou et al. [16]. Regard-
ing G-phase precipitation, the radius of the particles and the num-
ber density were calculated for each analysis. A concentration filter
named isoconcentration [13,17,18] was applied to isolate G-phase
particles from « and o’ regions using the concentration threshold
XNigsisMniMo > 15%. This threshold corresponds to the value for
which the concentration histogram of the randomized data set of
same composition is negligible (< 0.01%) [17]. As a consequence of
the filtering procedure, Fe shells are sometimes observed around
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Table 2
Hardness of the ferrite of different CASS before (t = 0 h) and after thermal
ageing (ty).

HVo,05 HVo,05
Steel Family State (t=0h) (ty)
B-350 [11] Mo-bearing 200,000 h at 293 £ 34 774 4+ 32
E-350 [3] Mo-free 350 °C 230 + 18 484 £ 53
G-400 [3] Mo-bearing 2400 h at 400 °C 300 + 18 597 + 52
C-400 [3] Mo-free 256 + 18 347 + 34

particles. These shells were removed using an erosion method.
Once the Fe shells were removed, the Guinier radius (Rg) of each
individual particle was calculated. The average value is calculated
over all the particles detected i.e. more than 200 particles per con-
dition. For more information on the atom-probe characterization
procedure, refer to Lefebvre et al. [13]. The number density of the
G-phase particles was determined by the ratio of the number of
the observed precipitates to the overall analysed volume. The in-
core composition of the G-phase particles was obtained from the
plateau observed on the erosion profiles. (i.e. the concentration of
the particles does not depend on the threshold, the interface is not
considered in the measurement).

2.2.2. Microhardness characterization

Microhardness measurements were performed with the follow-
ing the procedure. For each sample, thirty measurements were per-
formed in ferrite grains with Vickers indenter with a load of 50 g
and a dwell time equals to 15 s. Mean and standard deviation
were calculated over the 10 highest values. A threshold was de-
fined by substracting three times the standard deviation from the
mean hardness value. Only the measurements above this threshold
were considered for the final calculation. A minimum of 15 val-
ues is mandatory. The final average microhardness value (HV0.05)
and the final standard deviation value were calculated over the se-
lected measurements (the uncertainty is equal to twice standard
deviation). This method allows excluding the lower hardness val-
ues influenced by austenite.

3. Annealing treatment: results and discussion
3.1. Microhardness measurements

Table 2 reports microhardness values of the ferrite in the as-
received state (t = 0 h) and for Mo-bearing and Mo-free steels
aged 200,000 h at 350 °C and 2400 h at 400 °C. Microhardness
values of ferrite of the same alloys after annealing treatment 2 h
and 10 h at 550 °C are presented in Table 3. After annealing treat-
ment, the ferrite microhardness of Mo-free steels is close to the
unaged ferrite microhardness. This is not the case for the ferrite
microhardness of Mo-bearing steels which remains slightly higher
for alloys aged at 350 °C and significantly higher for alloys aged at
400 °C. Annealing treatment of 10 h at 550 °C does not improve
much restoration when compared to 2 h.

Table 3
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3.2. Atom probe characterization

Fig. 1 presents 3D reconstructions obtained by APT of the fer-
rite of E-350 and G-400 alloys after thermal ageing and annealing
treatment. Table 4 reports the wavelength and amplitude of the
spinodal decomposition together with particle radius and number
density of G-phase particles before and after annealing treatment
for all the investigated alloys. Table 5 provides composition of G-
phase particles after thermal ageing and annealing treatment. As
already published in [18,19], spinodal decomposition (as shown by
Cr distribution) and G-phase precipitation (as shown by Ni+Si+Mn
distribution) are observed at «fo’ interface.after thermal ageing
in the ferrite of alloys E-350 and G-400 (Fig. 1). Before anneal-
ing, ferrite of alloy B-350 is the most decomposed (Table 4). G-
phase number density is four times higher in Mo-bearing B-350
than in Mo-free E-350 for the same ageing time (after 200,000 h
at 350 °C [3,11]). The number density of G-phase particles is sim-
ilar in both Mo-free E-350 aged 200,000 h at 350 °C and Mo-
bearing G-400 aged 2400 h at 400 °C but their size is twice as
large after ageing at 400 °C. Concentration of Ni, Si and Mn i.e.,
G-former elements, (Table 5) is higher in G-phase particles of Mo-
bearing alloys, the highest level being observed for the Mo-bearing
alloy aged at 400 °C. So, at 400 °C, G-former elements concentra-
tions and particles radius are the largest. Spinodal decomposition
is quite similar for all the alloys.

After annealing treatment, the 3D elemental maps of Cr (Fig. 1)
in the ferrite of E-350 and G-400 alloys are uniform, showing the
complete dissolution of the spinodal decomposition at this temper-
ature. Similar results were obtained for all the investigated alloys
(Table 4). Regarding G-phase precipitation, G-phase particles totally
dissolved in the case of Mo-free alloys (Table 4 and Fig. 1). Con-
versely, G-phase particles still remain in the ferrite of Mo-bearing
alloys after annealing for 2 h at 550 °C (Table 4 and Fig. 1) al-
though with a lower number density. The decrease in number den-
sity could be associated either to the coarsening of the particles or
to their dissolution. The fact that the radius does not increase is
in favour of the dissolution of the particles. Results show that the
annealing treatment of 10 h at 550 °C is unable to dissolve the
remaining G-phase particles.

The core composition of the G-phase particles was also mod-
ified by the annealing treatment but trends are difficult to draw.
Whereas a decrease of 8 at% in Ni was observed for the Mo-
bearing G-400 after annealing, no variation in Ni content was ob-
served for the Mo-bearing B-350 (Table 5). Mo was observed to
enrich G-phase particles after annealing. After 10 h of annealing,
the G-phase particles were found to increase their Ni (+ 4 at%), Si
(+ 3 at%) and Mo (+1 at%) content compared with values observed
after 2 h of annealing. This decrease in Ni concentration and after-
wards increase after 8 h of additional annealing is surprising. We
do not have any explanation at this point.

3.3. Discussion

Annealing treatment enables the recovery of at least 70% of mi-
crohardness of the ferrite of the CASS whatever the initial thermal

Hardness of the ferrite of different cast austenitic stainless steels after annealing treatment of 2 h at 550 °C and 10 h at 550 °C.

Steel Family State HVgos5 (t = 0 h) HVg0s (annealing)
B-350 Mo-bearing 200,000 h at 350 °C + 2 h at 550 °C 293 + 34 315 £ 43
E-350 Mo-free 230 + 18 227 £ 53
C-400 Mo-free 2400 h at 400 °C + 2 h at 550 °C 256 + 18 224 + 14
G-400 3] Mo-bearing 300 + 18 384 + 59
G-400 Mo-bearing 2400 h at 400 °C + 10 h at 550 °C 300 + 18 352 + 28
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Table 4
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Characteristic parameters of spinodal decomposition and G-phase particles obtained by atom probe tomography for the alloys of Table 1 together with their micro-

hardness increase. Averaged over at least 200 G-phase particles per condition.

Spinodal decomp. G-phase particles

Alloy Family Ageing (h and °C) AHVaggs

Number

density

ACr (at%) A (nm) (x10%3m3) R¢ (nm)

B-350 [11] Mo-bearing 200,000 h at 350 °C 584 + 1.1 6.5 £+ 0.6 41.0+50 16=+02 481+66
E-350 [3] Mo-free 200,000 h at 350 °C 51.1 £ 0.3 51+1.1 9.7+ 1.0 1.5+08 254+71
G-400 (3] Mo-bearing 2400 h at 400 °C 51.1 £ 0.3 54 + 09 99 + 0.2 3.0 £ 09 297+70
C-400 Mo-free 2400 h at 400 °C No atom probe data 91+43
B-350 Mo-bearing 200,000 h at 350 °C + Annealed 2 h at 550 °C Dissolved 25+ 03 1.9 £ 0.7 23477
E-350 Mo-free 200,000 h at 350 °C + Annealed 2 h at 550 °C Dissolved Dissolved 0+ 53
G-400 [3] Mo-bearing 2400 h at 400 °C + Annealed 2 h at 550 °C 44 +0.2 23+ 0.6 84+77
C-400 Mo-free 2400 h at 400 °C + Annealed 2 h at 550 °C Dissolved Dissolved 0+77
G-400 Mo-bearing 2400 h at 400 °C + Annealed 10 h at 550 °C 25+02 21+14 52+46

a) Alloy G-400 2,400 h at 400 °C

~

I® /R

evaporation|.
direction l

Ni+Si+Mn+Mo

b) Alloy G-400 + 2 h at 550 °C

T E T el 3

e) Alloy E-350 +2 h at 550 °C

c) Alloy C-400 +2 h at 550 °C

A

VRS

i A S

Fig. 1. Cr atom distributions (red) and Ni+Si+Mn+Mo atom distributions (green) obtained by atom probe for the ferrite of alloy G-400 (a) after 2400 h at 400 °C, (b) after
2400 h at 400 °C + annealing treatment and for the ferrite of alloy C-400 (c) after 2400 h at 400 °C + annealing treatment. Same atom distribution for the ferrite of alloy
E-350 (d) after 200,000 h at 350 °C and (e) after 200,000 h at 350 °C +annealing treatment and for the ferrite of alloy B-350 (f) after 200,000 h at 350 °C + annealing
treatment. V = 20 x 20 x 50 nm?3. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

ageing (< 200,000 h at 350 °C and < 2400 h at 400 °C). In good
agreement with the literature [4,6-8]:

- There is a total dissolution of the spinodal decomposition after
annealing treatment of 2 h at 550 °C;

- The annealing treatment allows to fully restore microhardness
of Mo-free steels whatever the initial ageing temperature and
even for very long ageing time (200,000 h). Contrary to the
literature [4,6,7], in this study, all G-phase particles were dis-
solved by the annealing treatment whatever the ageing temper-
ature. Both spinodal decomposition and G-phase particles being
dissolved, a full recovery of the microhardness is observed;

- The annealing treatment only permits to partly recover the mi-
crohardness of Mo-bearing steels. Presence of G-phase particles
with a number density of 2-4 x 1023 m - 3 explains the ab-
sence of a total recovery of the mechanical properties [3]. These

results confirms the significant contribution of these particles
to hardening as reported by different authors [3,4,8].

Comparison of the behaviour of Mo-free with Mo-bearing steels
suggest that dissolution of G-phase particles is more difficult in
Mo-bearing steels. This could be due to differences in crystallo-
graphic structure and/or composition.

At 350 °C after 200,000 h of ageing, the G-phase particles in
Mo-bearing steels present higher concentration in G-former ele-
ments Ni (+2 at%), Si (+4 at%), Mn (+3 at%) and of course into
Mo (+5 at.%) than in Mo-free steels. At 400 °C, the highest sta-
bility of G-phase particles could also be due to the increase in G-
former content. As illustrated in Fig. 2, the thermal stability limit
of G-phase in Mo-free steels due to Mo and Ni content is lower
than the thermal stability limit of G-phase in Mo-bearing steels.
These thermodynamic calculations were performed with MatCalc



Table 5

G-phase particles composition (at%) obtained by atom probe after thermal ageing and annealing treatment (Averaged over at least 200 G-phase particles per condition.).

Mn Mo Cr Fe

Si

Ageing (h and °C)

Steels

R. Badyka, S. Saillet, C. Domain et al.

0.7 +£ 0.3
04 + 0.1
0.9 + 0.1

9.60+ 0.90 284 £ 1.5

5.20 + 0.70
0.37 £+ 0.07
6.43 £ 0.31
9.2 + 1.1

6.80 + 0.80
3.81 £0.23

16.10 + 1.20
11.75 £ 0.38
18.25 £ 0.48
19.8 + 1.6

33.20 + 1.50
31.53 + 0.52
39.75 + 0.61
332 +18

200,000 h at 350 °C

B-350 [11] (Mo-bearing)
E-350 [3] (Mo-free)
G-400 [3] (Mo-bearing)
B-350 (Mo-bearing)
E-350 (Mo-free)

40.83 + 0.68
15.53 + 0.45
147 + 14

11.16 £ 0.37
8.58 £ 0.35
137 £ 13

200,000 h at 350 °C
2400 h at 400 °C

10.06 + 0.38
6.9 +£ 0.9

1.40+0.50

Annealed 2 h at 550 °C

Dissolved G-phase particles

Annealed 2 h at 550 °C

18.5 + 0.5 8.5+ 04 8.1+04 13.7 £ 04 17.0 £ 0.5 1.48+0.16

31.7 £ 0.6

Annealed 2 h at 550 °C

G-400 [3] (Mo-bearing)

C-400 (Mo-free)

Dissolved G-phase particles

Annealed 2 h at 550 °C

7.6 + 0.6 9.38+0.69 11.6 £ 0.8 11.2 £ 0.7 1.36+0.28

214 £ 09

36.5 £ 1.1

Annealed 2 h + 8 h at 550 °C

G-400 (Mo-bearing)
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Fig. 2. Predictive equilibrium phase fractions calculation as function of tempera-
ture. Dash lines correspond to phase fraction for Mo-bearing steels and continuous
lines to phase fraction for Mo-free steels. [20]. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this
article.)

and a revised and updated database for Fe alloys, with some ther-
modynamic parameters adjusted on density functional theory cal-
culations for the different possible G phase formation energies, as
well as additional intermetallic phases [20].

With upper thermal stability close to 550 °C, the G-phase par-
ticle in Mo-bearing steels remain after annealing treatment until
10 h at 550 °C. The thermal stability explanation does not justify
the partial dissolution of the G-phase particle in Mo-bearing steels
observed.

It could also originate from a change in crystallographic struc-
ture or both of them as the change in structure can be associ-
ated to the composition evolution [2,21]. Matsukawa et al. [22] and
Hamaoka et al. [23,24] showed that G-phase particles structure
evolved with ageing time. From the base centred cubic (BCC) at
the beginning of the kinetics, G-phase particles become face cen-
tred cubic (FCC) at longer ageing time for larger size. This struc-
tural change was observed after 2400 h of ageing at 400 °C for
Mo-bearing steels [23,24] and after 10,000 h at 400 °C in Mo-free
steels [22]. TEM characterization performed by Yamada et al. [9] in
Mo-bearing showed that the FCC G-phase particles formed in Mo-
bearing steels after 10,000 h at 400 °C are indeed not dissolved
by a annealing treatment of 1 h at 550 °C. This could explain the
fact that Chung et al. [4,6] and Li et al. [7] observed the G-phase
particles in the Mo-free alloys aged 10,000 h at 400 °C. In this pa-
per, G-400 alloy was characterized after 2400 h at 400 °C which
is close to the conditions for BCC/FCC transition according to the
work of Hamaoka et al. [23,24]. It is thus possible that the remain-
ing G-phase particles after annealing are FCC G-phase particles sta-
ble at 550 °C. This would also explain why particles of alloy G-
400 annealed during 10 h are not dissolved. Nevertheless, this is
in contradiction with the fact that the radius does not increase at
this temperature between 2 h and 10 h of annealing treatment.
Additional data are needed to conclude on this point. The partial
dissolution of G-phase particles in alloy B-350 could also have the
same origin. After a thermal ageing of 200,000 h at 350 °C, a part
of G-phase particles could have the FCC structure. Unfortunately,
only atom probe analyses were carried out and they do not al-
low the characterization of the crystalline structure. The crystallo-
graphic characterization by TEM is one of the perspectives of this
work.
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2,400 h at 400 °C

a)
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b) 2,400 h at 400 °C+ 2 h at 550 °C + 2,400 h at 400 °C

Fig. 3. Cr atoms distributions (red) and Ni+Si+Mn+Mo atoms distributions (green) obtained by APT in ferrite of alloy G-400 (a) after 2400 h at 400 °C and (b) after 2400 h
at 400 °C + 2 h at 550 °C + 2400 h at 400 °C. V = 20 x 20 x 50 nm?. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

Table 6

Characteristic parameters of spinodal decomposition and G-phase particles obtained by atom probe tomography for the alloys G-400 together with their
microhardness increase. AHV g5 = HV;, — HV;_o. Averaged over at least 200 particles per condition.

Alloy Ageing (h and °C) Spinodal decomp. G-phase particles
- AHVag05
Number density
ACr (%at) A(nm) (x102m3) Rg(nm)

G-400 (3] 2400 h at 400 °C 51.1 £ 0.3 54+ 09 9.9 +£ 0.2 3.0+ 09 297+70
G-400 [3] Annealed 2 h at 550 °C Dissolved 44 +0.2 23+ 06 84477
G-400 Annealed 2 h + 8 h at 550 °C 25+02 21+ 14 52+46
G-400 Annealed 2 h at 550 °C +Reaged 300 h at 400 °C 314 £ 03 32+09 42 +04 29 £+ 06 175459
G-400 Annealed 2 h at 550 °C +Reaged 2400 h at 400 °C ~ 49.2 + 0.3 50+ 1.0 3.7+02 34 +09 304+99

Table 7

G-phase particle composition (at.%) obtained by APT for alloy G-400 for different ageing conditions (Averaged over at least 200 particles per condition).
Alloys Ageing (h and °C) Ni Si Mn Mo Cr Fe P
G-400 (Mo-bearing) 2400 h a 400 °C 39.75 £ 06 1825+05 1006 + 04 643 +03 858+04 1553+05 09=+0.1
G-400 (Mo-bearing)  Annealed 2 h at 550 °C 31.7 £ 0.6 185 + 0.5 8.5+ 0.4 81+04 137 £ 04 17.0 £ 0.5 1.48+0.2
G-400 (Mo-bearing)  Annealed + Re-aged 300 h at 400 °C ~ 33.7 £ 0.7 163 £ 0.6 8.0 +£ 04 9.8 £ 0.5 135+ 06 158 +0.6 1.6 £ 0.2
G-400 (Mo-bearing)  Annealed +Re-aged 2400 h at 400 °C ~ 38.7 + 0.4 18.8 £ 0.3 8.6 +£0.2 8.9 + 0.2 105+ 03 120+ 03 14 + 0.1

4. Results and discussion of re-ageing treatment

After annealing treatment, re-ageing kinetics were investigated.
The goal is to study the effect of pre-existing G-phase particles
which are not dissolved during annealing treatment on ageing at
400 °C.

4.1. APT results

Fig. 3 presents the 3D distribution maps of Cr (red) and
Ni+Si+Mn+Mo (green) obtained by APT in alloy G-400 after ini-
tial thermal ageing and after re-ageing 2400 h at 400 °C. Charac-
teristics of spinodal decomposition and of G-phase particles are re-
ported in Table 6.

The characteristics of the spinodal decomposition are the same
after 2400 h at 400 °C and after re-ageing for the same ageing time
at the same temperature. Regarding G-particles, some differences
are noticed. The radius of G-phase particles is larger after re-ageing
and number density smaller which is characteristic of the coarsen-
ing regime. Table 7 and Table 8 give the measured composition of
particles and of o and «’ zones, respectively.

During coarsening, G-phase particles also enrich in Ni and de-
plete in Cr and Fe. The composition reached after re-ageing is quite

close to the composition of particles after the initial thermal age-
ing. The only differences concern Mn (lower concentration) and
Mo (higher concentration). The composition of the o and &’ zones
shows a decrease in Ni, Si and Mn linked to the precipitation of
the phase G particles. For the other elements (Mo, P, Cu, C and V),
their concentrations in the o and o’ zones remain identical con-
sidering the measurement uncertainties.

4.2. Discussion - link with mechanical properties

The spinodal decomposition has the same characteristics with
pre-existing G-phase particles than without. This means that the
initial G-phase particles have a minor influence on the spinodal de-
composition kinetics. G-400 ferrite microhardness and toughness
obtained after ageing and re-ageing are provided in Table 9. Due
to microstructure (a smaller number density of G-phase particles,
for G-400 re-aged), it is expected a greater Charpy-impact energy
and a lower micro-hardness for G-400 re-aged than for G-400 aged
2400 h at 400 °C. Nevertheless, given the number of measure-
ments and alloys studied, there is not significant variation in me-
chanical properties between G-400 2400 h at 550 °C and G-400
annealed and re-aged 2400 h at 550 °C despite a slight variation
in the microstructure.



R. Badyka, S. Saillet, C. Domain et al.

Table 8
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o and o’ zones composition (at.%) obtained by APT for alloy G-400 for different ageing conditions.

Ageing (h and °C) Phase Ni Si Mn Mo Cr P Cuy,CandV  Fe

2400 h a 400 °C o 2.6 + 0.1 22 +0.1 0.4 + 0.1 2.7 £ 0.1 58.8 +£ 0.2 0.06+0.01 0.1 +£ 0.1 329 + 0.2
o 43 +0.1 09 + 0.1 0.2 + 0.1 1.3 +0.1 7.7 +£0.2 0.03+0.02 0.2 + 0.1 85.1 £ 0.2

Annealed + Re-aged 300 h o 4,7 £ 0.1 24+ 0.1 0,8 £ 0.1 2,5+ 0.1 435+ 0.2 0.07+0.01 0.2 £0.1 45.8 + 0.2

at 400 °C 14 42 +0.1 1,4 +£0.1 0,4 + 0.1 14 £+ 0.1 12.1 £ 0.2 0.07+0.01 0.2 +£ 0.1 80.2 + 0.2

Annealed + Re-aged o 2.8 +£0.1 22 +0.1 0.6 + 0.1 2.6 £0.1 56.0 + 0.2 0.08+0.01 0.1 +£ 0.1 354 + 0.2

2400 h at 400 °C 4 34 + 0.1 1.0 £ 0.1 0.2 + 0.1 14 +£ 0.1 6.8 +0.2 0.07+0.01 0.2 + 0.1 86.8 + 0.2

Table 9

Charpy impact-energy and microhardness of the ferrite of different cast austenitic stainless steels after thermal

ageing, annealing for 2 h at 550 °C and re-ageing.

Alloys Ageing treatment HVgos (t =0) HVges (ty)  KCU at 20 °C (da/cm?)
G-400 [3] 2400 h at 400 °C 300 + 18 597 £ 52 2.5

G-400 [3]  Annealed 2 h at 550 °C 384 £ 59 214

G-400 Annealed +Re-aged 300 h at 400 °C 475 + 41 8.0

G-400 Annealed +Re-aged 2400 h at 400 °C 604 + 81 3.7

5. Conclusion

An annealing treatment of 2 h at 550 °C has been applied to
some Mo-bearing and Mo-free CASS. The effect of this treatment
on the microstructure and microhardness of the ferrite has been
investigated. Two behaviors were observed depending on the com-
position of the steels:

o For Mo-free steels, the microhardness has been fully restored.
The recovery is related to the total dissolution of spinodal de-
composition and the small G-phase particles formed at the o
o’ interfaces;

e For Mo-bearing steels, a partial restoration of the microhard-
ness has been reported. The residual hardness of the ferrite is
due to the partial dissolution of G-phase particles, the spin-
odal decomposition being totally dissolved. It is suggested that
this difference in dissolution kinetics of the G phase particles
between Mo-bearing and Mo-free steels is related to the dif-
ference in composition (and related thermodynamic properties)
and or in crystallographic structure of the particles (BCC versus
FCC).

In order to investigate the effect of the non-dissolved G-phase
particles on kinetics of phase separation, a re-ageing treatment has
been applied to restore Mo-bearing alloys. Presence of pre-existing
G-phase particles did not influence the spinodal decomposition ki-
netics. During the re-ageing, preexisting G-particles enter a coars-
ening regime. Their size is larger and their number density smaller
after re-ageing treatment than after the initial thermal ageing.
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