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ABSTRACT

Quantitative study of solute segregation phenomenon is crucial in material science. In the present study, the
influence of thermal ageing and ion irradiation (both at 400 °C) on intergranular P segregation behaviour was
studied by a correlative electron backscattering diffraction (EBSD)/transmission kikuchi diffraction (TKD)/atom
probe tomography (APT) methodology. The co-segregation of P, C, Si, Mn, Ni, Cr and Mo appears at grain
boundaries (GBs). After both thermal ageing and ion irradiation, there is an increased P segregation for all the
detected GB types. The radiation induced/enhanced solute diffusion and segregation mechanisms were also
discussed based on thermodynamic and kinetic predictions. The ternary Fe-P-C model overestimates P segre-
gation level in a multicomponent system.

* Corresponding author.
E-mail address: wwwxyxy@163.com (L. Zhang).



1. Introduction

GB segregation issue, in particular the P segregation behaviour at
GBs or interfaces, has been intensively studied in the past 70 years [1].
Experimental research was frequently carried out by auger electron
spectroscopy (AES), which focuses on some “brittle” GBs from the
intergranular fracture surfaces, for instance, in Fe-P [2-4], Fe-P-C [2,5],
Fe-Cr-P [2], Ni-Cr [6], Sb-doped Ni-Cr [7], Mn-Ni-Mo [8], Fe-Cr-P-C
steels [2] and VVER-1000 welds [9,10]. AES has a fast acquisition
speed to collect the data and a good precision on the composition
measurement, but the crystallographic information is often missing. In
recent years, the correlative transmission electron microscopy
(TEM)/APT methodology [11-14] or EBSD/TKD/APT methodology
[15-19] offers effective routes to determine a GB’s crystallography as
well as its chemical nature for non-brittle alloy systems. A correlative
TEM/APT approach in a nanocrystalline material has established a C
segregation map in relation with GB misorientation angle [11,12]. TKD
technique [15,16,20-22] gives a relatively fast and reliable route to
obtain a GB’s crystallography for polycrystalline materials. APT is a
unique technique in quantifying local chemical variations, offering
extensive capabilities for both 3D imaging and chemical composition
measurements at the atomic scale (interatomic spacing resolution in
depth and 0.3~0.5 nm laterally) [23]. The correlative methodology
promotes a better understanding of solute segregation behaviour, which,
however, requires both focused ion beam (FIB) lift-out techniques and
step-by-step crystallographic characterizations to prepare high quality
site-specific specimens containing a GB or an interface [17,18,24,25].
Together with the experiments, computational simulation [26,27] and
analytical models [1,28,29] allow thermodynamic parameters of inter-
facial segregation and the possible segregation mechanisms to be
determined.

Intergranular P segregation impairs the atomic bonding [30], thus
promoting a change of the brittle fracture mode from transgranular to
intergranular [8]. Even at a 0.003 at.% P content, an obvious inter-
granular P segregation was observed [2]. In a nuclear power plant, low
alloy steels suffer from both neutron irradiation and thermal ageing. The
long-term safe service of these steels requires a reliable evaluation of the
microstructural change and the corresponding property degradation.
The non-hardening mechanism, resulting from intergranular P segre-
gation, may significantly contribute to the irradiation embrittlement [9,
31-33]. It was reported that the non-hardening mechanism could
contribute to radiation embrittlement of VVER-1000 welds throughout
its extended lifetime [9,10,34]. Besides GBs, carbide-ferrite interfaces
could also provide effective sites for P segregation [25,34,35]. Under
irradiation, the P segregation mechanism could be explained by radia-
tion enhanced segregation (RES) and/or radiation induced segregation
(RIS). In the former case, the solute mobility is enhanced by the super-
saturated point defects (PDs, including self-interstitials and vacancies),
reaching a similar state as under thermal ageing. In the latter case, not
only the PD supersaturation is produced, but the fluxes of PDs and solute
atoms also move towards the defect sinks such as free surfaces, GBs,
dislocations and voids under irradiation. In RIS, the corresponding
driving force (dumbbell or vacancy dragging [36-39]) can be purely
kinetic and some unpredicted phases may appear in the steels, while the
impact of RES is to accelerate the solute segregation towards its equi-
librium state. Therefore, it is of critical importance to predict the radi-
ation mechanism.

Our previous research on Fe-P-C model alloys has revealed a RIS
mechanism of P and also quantitatively distinguished the role of thermal
ageing and ion irradiation on the final P accumulation [40]. While,
limited research could be found on the detailed P segregation behaviour
for low-alloy steels in relation with GB nature, in which the influence of
thermal ageing and irradiation effects should be addressed. Besides, it
remains unclear whether the analytical models can describe the P
segregation behaviour in practical steels.

Here, we adopted a correlative EBSD/TKD/APT methodology and

studied the influence of ageing (thermal ageing and ion irradiation) for
different types of GBs in low alloy welds. The quantified GB segregation
level was then compared to analytical models.

2. Materials and methods
2.1. Materials, sample preparation and experimental conditions

The studied low-alloy welds have the following chemical composi-
tion (in atomic percent): 0.34% C, 0.014% P, 0.84% Si, 1.60% Mn,
0.72% Ni, 0.18% Cr, 0.34% Mo, 0.04% Cu and the balance Fe. As shown
in Fig. 1, the reference weld was obtained after submerged arc welding
and subsequent stress-relief heat treatment. Then the reference samples
were treated in two different routes for comparison: some were ion-
irradiated at 400 °C for 2 h and marked as ion-irradiated weld, while
some others were thermally-aged at 400 °C for 80000 h and named as
thermally-aged weld. A targeted ageing temperature of 400 °C ensures a
moderate solute segregation kinetic. Fig. 1 also plots the experimental
procedures for ion-irradiated and thermally-aged welds.

Ion irradiation experiments were conducted at the JANNUS facility
in Orsay, France. Two thin foils (3 mm in diameter, shown in Fig. S1)
were prepared and mounted in the homemade sample holder. A 5 MeV
Fe®" beam, a chamber vacuum of 107 bar, an operation temperature of
(400+5) °C, a fluence of 2.85 x 10'* jons/cm?, a flux of 3.96 x 10'°
ions/cm?/s and a dose rate of 1.3 x 10~ dpa/s were used. Following ion
irradiation, the samples were cooled to 70 °C in vacuum and then
depressurized with Ny cooling to ambient temperature. According to the
stopping and range of ions in matter (SRIM) calculation (version SRIM-
2013, shown in Fig. 2(a)) using the modified Kinchin-Pease model with a
displacement threshold energy of 40 eV [41], it ensures a received dose
of about 0.1 dpa in the irradiation depth range 300-600 nm. This dose
level equals to a 40 years’ operation condition. In this critical depth,
there is nearly no influence from implanted ions.

The microstructure was observed by EBSD technique in a dual-beam
SEM/FIB instrument (Zeiss XB 540). The EBSD experiments were per-
formed at 20 kV with a working distance of 10 mm. GBs with misori-
entation characteristics of 60°(111) considering a tolerance of 8.7° were
considered as X3 special HAGB based on the coincidence site lattice
(CSL) theory [5] and the Brandon criterion [42]. The detailed
site-specific sample preparation using FIB technique, starting from the
GB identification in bulk material to the final APT tip containing a
specific GB, could be referred in [18]. Besides, special care should be
paid to the ion-irradiated weld during sample preparation, ensuring a
critical depth of 300-600 nm beneath the irradiation surface for all the
studied GBs, as schematically plotted in Fig. 2(b). In practice, the tip
with the lift-out chunk was positioned in a manner that the irradiated
surface is nearly perpendicular to the SEM view plane, shown in Fig. 2
(c). As exhibited in Fig. 2(c) and (d), the spacing between the final tip
apex and the irradiation surface plane can be well controlled to (450

+150) nm at each step. The location of the GB appearing in the needle is

controlled with TKD imaging during the final steps of annular milling,
and the analysed GBs locate in the first 100 nm of the final tips.

2.2. Data treatments for crystallography and chemical information

Five parameters are needed to fully describe the GB structure: one for
misorientation angle 6, two for rotation axis ¢ = [hokolo] and another 2
for the adjacent GB planes (hnaknalna)/(hngknglag). Thus, a GB can be
described by: ¢ [hokolo](hnaknalna)/(hnekngls). The identification of the
GB character can be referred in [17,18].

Alocal electrode atom probe (LEAP 4000 XHR, CAMECA) was finally
used to do the chemical analysis, with a practical temperature of 55 K, a
detection rate of 0.15% and a pulse repetition rate of 200 kHz. Both the
commercial IVAS software (CAMECA, v. 3.6.6) and the GPM 3D soft-
ware (from GPM lab, v. 6.3) were used to do the data reconstruction.
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Fig. 1. Schematic illustrations of thermal history for the reference weld, the thermally-aged and the ion-irradiated welds treated at 400 °C.

After APT analysis, the detected ions are exhibited in the form of a
mass spectrum. The concentration of an element is calculated from the
proportion of detected ions after identifying each isotope and removing
the background information. The uncertainty of the measured concen-
tration of element i, if considering only the statistical variation, is given
by:

- Xi(1-X;)
0 = N, @

where X; is the measured concentration of solute i and N, the total
number of atoms in the studied volume. For quantification of inter-
granular solute segregation level, a general method based on the Gibb-
sian interfacial excess (I';, in atoms/nm?) [1 8,43] was adopted. In the 3D
reconstruction map of an APT tip containing a GB, a sampling cylinder
perpendicular to the GB is selected to plot cumulative profiles through
the GB for each chemical species (referred to Fig. S6 in the Supple-
mentary Document). The I'; value is defined as:
N;:xcess

== @)

where N7**** is the number of atoms in excess determined from cumu-
lative profile, 7 the detection efficiency of the LEAP and A the interfacial
area on which the measurement is done. For monolayer P segregation
level, we assumed that the segregated P atoms reside in a single close-
packed (110) plane of a-iron. This assumption is used for a compari-
son with the analytical models [1,29,44] and the results from other
experimental techniques like AES [8,45,46], in which a narrow segre-
gation region at GB, indicative of a monolayer P segregation, was pro-
posed in steels.

3. Results
3.1. Microstructure evolution

The reference weld has a mixed microstructure of acicular ferrite and
intergranular carbides [18], and, in comparison to the “sheaf-like”
bainitic ferrite, the acicular ferrite presents a “basket-weave”
morphology [47]. After thermal ageing and ion irradiation, the micro-
structures are exhibited in Fig. 3(a) and (b), respectively, and they are
also mainly composed of acicular ferrite grains and intergranular car-
bides. For most studied regions, these acicular ferrite grain laths are
spaced at 1-2.5 ym. The GBs are classified as LAGBs, HAGBs and 23

HAGB:s. It appears that, for the thermally-aged one (Fig. 3(a)) and the
ion-irradiated weld (Fig. 3(b)), there is only a very slight variation of the
LAGBs, HAGBs and 23 HAGB proportions for the analyzed regions. Since
the orientation relationships between parent austenite and acicular
ferrite variants are Nishiyama-Wassermann (N-W) and
Kurdjumov-Sachs (K-S) [48], our studied GBs are in the misorientation
ranges 0-21.5° and 46.5°-60° for all the studied materials. Here, we did
not consider the influence of thermal history on the GB type identifi-
cation of the reference weld. To be exact, the exact primary austenite
GBs could not be clearly identified in the studied welds, and this is
detailed stated in the Supplementary Document.

The ferrite compositions (especially, C, Mn, Cr and Mo) of the matrix
ferrite phase were also quantified by APT experiments. The results are
listed in Table 1. The chemical compositions of matrix ferrite remain
nearly constant after both thermal ageing and ion irradiation, which
suggests that there is probably no carbide evolution after thermal ageing
and ion irradiation. Then we focus on the nanoscale solute segregation
behaviour.

3.2. Solute segregation behaviour at the studied GBs

Table 2 shows the calculated interfacial excess values of the analysed
17 GBs (4 LAGBs, 7 general HAGBs and 6 X3 HAGBs), 7 GBs (2 LAGBs, 2
general HAGBs and 3 23 HAGBs) and 9 GBs (4 LAGBs and 5 general
HAGB:s) for the reference weld, the thermally-aged weld and the ion-
irradiated weld, respectively.

All the studied GBs exhibit a co-segregation of several elements (P, C,
Si, Mn, Ni, Cr and Mo), as reported in [9,10,18,44]. No obvious deple-
tion of any chemical species was detected. As an assumption, Si, Cr, Mo,
Ni and Mn prefer substitutional segregation while P and C favour
interstitial segregation [49,50]. To have a better view, the interfacial
excess values of C and P are presented in Fig. 4. In most studied GBs, C
has a higher segregation level for the reference, thermally-aged and
ion-irradiated welds. This may be due to the fact that C has much higher
bulk content than P. The total interfacial excess value of substitutional
elements (Si+Cr+Mo+Ni+Mn) is also calculated for each GB and
plotted in Fig. 4. It appears that the segregation level of
(Si+Cr+Mo+Ni+Mn) is much higher than that of C or P.

4. Discussion
4.1. Inluence of gb character and ageing conditions on solute segregation

Considering the data scattering of solute segregation level within
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tion surface.

each GB type (LAGB, 23 HAGB or general HAGB), the segregation level
is averaged and reported in Table 3.

First, we notice that there is a higher average segregation level in
substitutional (Si+Cr+Mo-+Ni-+Mn) elements than (P + C) elements for
all the GB types in the reference, thermally-aged and ion-irradiated
welds. Then we discuss the influence of GB character on the solute
segregation behaviour. It is clear that the segregated P, C or (P + C)
contents are relatively low for all the X3 HAGBs. The average
(Si4+Cr+Mo+Ni+Mn) segregation level is also lower for all the X3
HAGBs in comparison to the general HAGBs. The lower segregation
levels of both interstitial and substitutional elements suggest the “spe-
cial” characteristics of 23 HAGBs.

Finally, we focus on the P segregation behaviour. Under each con-
dition, the average P segregation level is nearly the same for the studied
LAGBs and general HAGBs. Particularly, in the misorientation range
8-15°, each LAGB could share a high P segregation amount as a general
HAGB. Here, for an individual GB, no significant P segregation variation
was revealed in general HAGBs or the studied LAGBs (misorientation
range of 8-15°), especially for the thermally-aged weld or ion-irradiated
weld. This differs from previous research that P segregation is lower in

LAGBs than HAGBs [4]. In future, more acquired datasets may further
clarify the influence of crystallographic orientation on GB segregation
(LAGB or HAGB) and also the data scattering in the general HAGBs.
After thermal ageing or ion irradiation, there is an increased P segre-
gation for all the GB types (LAGBs, £3 HAGBs and general HAGBs).
Particularly, P has reached the same segregation level for both
thermally-aged and ion-irradiated welds. With a value of 1.8 + 0.7
atoms/nm? (in the thermally-aged weld) or 1.7 & 0.6 atoms,/nm> (in the
ion-irradiated weld), the average P segregation level is about 3 times
after ageing as that of general HAGBs in the reference weld. By contrast,
the substitutional (Si+Cr+Mo+Ni+Mn) segregation remains nearly
constant after ion irradiation for general HAGBs. Indeed, P segregation
appears to reach an equilibrium state after thermal ageing or ion irra-

diation, which is discussed along with thermodynamic and kinetic
considerations.

4.2. Thermodynamic and kinetic predictions

The Guttmann’s Fe-P-C model was adopted to predict the equilib-
rium segregation level of P at general HAGBs in Fe matrix at 400°C. The



\GB

Random HAGB 56
I >3 HAGB 1

20um

001 101

“ location

10nm
C —

GB location

111

7 4 CRTN ‘f"'
VAN A NAE.

¢éi

. GB type f. %

LAGB 38

Random HAGB 51
I 53 HAGB 11 o001 101

Fig. 3. The microstructures from EBSD and APT characterizations of (a) the thermally-aged weld and (b) the ion-irradiated weld. In both cases, the quantified GB
types are inserted, and the 4 reconstructed APT tips were extracted from their respective ferrite matrix and boundary regions (showing the intergranular carbides).

Table 1
Chemical compositions (at.%) of the matrix ferrite under various conditions. The
balance element is Fe.

Reference Thermally-Aged Ion-irradiated
C 0.089+0.002 0.081+0.001 0.073+0.001
P 0.016+0.001 0.012+0.001 0.007+0.001
Si 0.843+0.005 0.913+0.004 0.848+0.004
Cr 0.125+0.002 0.161+0.002 0.123+0.001
Mn 1.24440.006 1.413+0.005 1.283+0.005
Ni 0.761+0.005 0.787+0.004 0.737+0.004
Cu 0.029+0.001 0.029+0.001 0.031+0.001
Mo 0.205+0.003 0.261+0.002 0.176+0.002

equilibrium P segregation at a GB, C%, can be written as [1,44]:

@ o AG
1-cc- ¢ 1P FRr

3

in which €2, €8, C% and AGY represent the C segregation level at a GB,
the bulk P concentration, the bulk C concentration and the Gibbs free
energy, respectively. AG? is a function of the standard segregation
enthalpy, AHZ, and entropy, AS?, as expressed below [1]:

AGP = AHE — TASE — 2a5p(CE — C}) + apc(CE — CF) )

in which [1]

AHY = AH" + YR[TInC}(T)] )
and [51]
asp =2E ©)

in which agep, apc, AH*, v, T, C5(T), T, and op are the Fe-P interaction
coefficient, the P-C interaction coefficient, the segregation enthalpy at
the solubility limit, the non-ideality of binary Fe-based system at the

solubility limit, the temperature, the P solubility limit at a certain
temperature, the critical temperature for the variation of the segregation
enthalpy and entropy with the boundary structure, and the P segregation
entropy at a hypothetical boundary with zero enthalpy, respectively.

Kinetically, the dependence of P concentration, cZ (t), on time, t, was
given by [1]:

Cg(t) - C?,tzo -1

2] 7]
G —Cpio

t }erfc( 2y/Dpt -

Cex 4Dp
Pl poaey? | e

in which Cg,_, is the initial P content at the GB, Dp is the diffusion co-
efficient of P in matrix, f, is the enrichment ratio of P at the GB and d? is
the GB thickness. Under irradiation Dy is replaced by D}, the radiation-
enhanced diffusion coefficient of P in matrix.

Parameters used to calculate the equilibrium GB segregation of P at
400°C and its segregation kinetics could be referred to the literature, in
which a AH* value of -6 to +2 kJ/mol [1], a Cgtzo value of 0.004, a Clé

value of 0.089, a CB value of 0.016, a f3, value of 882, a R value of 8.314
J/mol -K, a v value of 0.8240.08 [49], a T, value of 900 K [49], a op
value of 54 J/mol-K [49], a apc value of 7 kJ/mol [1], a arp value of
0 [11, a Dp value of 7.5x 102! m?/s [52], a TInC}(T) value of -4100 [53]
and a d? value of 0.2 nm [1] were adopted. Taking Faulkner’s approach
[54], a Dy value of 9.0x10°!® m?/s was obtained considering a flux of
3.5x10'° ions/cm?/s, a fluence of 2.85x10™ ions/cm? and a dose rate
0f 1.3x10°® dpa/s. The radiation-enhanced diffusion coefficient of P was
increased by about 10% times.

According to the Egs. (3)-(6), at 400 °C, the predicted equilibrium P
segregation level is 0.18+0.03 in monolayer coverage. This value is
higher than that of the measured P segregation level, with a monolayer
value of 0.11+0.04 (or interfacial excess value of 1.84+0.7 atoms/nm?),
at general HAGBs in thermally-aged weld. According to Eq. (7), the P
segregation level as a function of diffusion time during thermal ageing
was calculated and plotted in Fig. 5.

As shown in the upper curve in Fig. 5, with the predicted equilibrium
value of 0.18, its 90% equilibrium segregation value corresponds to a



Table 2
Interfacial excess values (I';, in atoms/nm?) of the segregated elements for the studied GBs under different conditions (reference, the thermally-aged and the ion-
irradiated).

Element GB type P C Si Mn Ni Cr Mo
LAGB 0.3+0.2 11404 0.28+0.05 2.9+0.2 0.8+ 0.4 0.20-0.04 1.0+ 0.3
5°[6521 (503)/(320)

LAGB 0.3+0.2 1.3+ 0.4 0.38+0.06 2.1+0.1 0.8+0.2 - -
7°[011] (434)/(656)

LAGB 0.9+ 0.3 1.8+ 0.9 0.5+0.1 4.8+ 0.5 1.5+0.8 - 0.6 + 0.4
12°[104] (546)/(535)

LAGB 0.5+ 0.2 2.0 +0.7 0.30+0.04 4.0+ 0.2 1.4+ 0.7 - 0.9+0.3
12°[310](631)/(631)

23 HAGB 0.2+0.1 0.4+ 0.1 1.3+0.2 41+03 23+03 - 0.4 +0.2
59°[111]1 (652)/(503)

33 HAGB 0.2+ 0.1 1.0+ 0.6 0.5+0.2 3.2+ 0.3 1.4+ 0.7 0.2+0.1 0.5+0.3
60° [111] (112)/(310)

¥3 HAGB 0.3+0.2 1.8+ 0.6 2.1+0.3 53+ 0.4 1.3+03 - 0.6 + 0.4
60° [343] (441)/(415)

23 HAGB 0.3+0.2 0.8+ 0.6 1.4 +0.2 6.5+ 0.7 - - 0.3+0.2
59.5° [111] (411)/(522)

¥3 HAGB 0.07+0.06 1.2+ 0.4 0.3440.03 3.5+ 0.1 0.5+0.3 0.4+ 0.1 0.7 £0.2

Reference weld 60° [1117 (101)/(01T)

33 HAGB 0.4 + 02 1.240.6 0.8+ 0.1 4.0+ 0.2 0.8 + 0.4 0.2+ 0.1 0.6 + 0.2
60° [443] (451)/(103)

General HAGB 0.4+ 0.2 4.6+ 1.2 - 6.5+ 0.4 2.0 £ 0.5 0.3+0.1 34+15
52°[101] (615)/(253)

General HAGB 0.6 + 0.3 50+ 1.2 0.5+ 0.1 5.8+ 0.3 1.1+ 0.5 0.3+ 0.1 1.8+ 0.9
49°[4031(010)/(355)

General HAGB 0.3+0.1 41+1.4 1.3+0.2 7.1+ 0.4 - 0.5+ 0.2 1.7+ 0.9
49.5° [110] (425)/(542)

General HAGB 1.0+ 0.5 3.7+1.0 0.8+ 0.1 5.6 + 0.5 0.8 + 0.4 - 1.4+ 1.0
54°[243](110)/(150)

General HAGB 0.8+ 0.2 53+ 1.1 1.9+ 0.2 6.6 + 0.3 1.8+0.9 0.4+ 0.1 2.8+ 1.0
52° [331](543)/(655)

General HAGB 0.11+0.02 6.7+ 1.6 - 1.7+ 0.1 - 0.4 +0.1 1.5+ 0.4
54°[525] (112)(031)

General HAGB 0.9+ 0.3 3.3+09 0.54+0.07 4.8+ 0.3 1.7+1.0 0.3+0.1 2.7 +0.7
54°[433] (552)/(631)

LAGB 1.9+05 1.8+ 0.6 0.3040.01 6.4+ 0.5 27+13 0.09+0.04 1.3+0.5
8°[111]1(625)/(552)

LAGB 1.5+ 0.3 2.5+ 0.7 1.6 + 0.2 8.0 + 0.3 3.7+1.9 0.2+ 0.1 13403
14° [414]1(013)/(010)

General HAGB 2.0+ 0.7 1.6 +£ 0.9 2.4+05 8.9+ 0.8 41+25 - 0.6 + 0.4
55°[323] (645)/(501)

General HAGB 1.6 + 0.7 3.0+ 1.5 3.0+ 0.4 10.5 + 0.9 3.9+ 20 0.7 + 0.3 1.7 + 0.9

80000h@400 °C 56° [110] (132)/(314)

33 HAGB 0.6 + 0.4 0.4+ 0.3 0.9 +0.2 3.7+ 0.3 1.5+ 0.7 - 0.2+ 0.1
59°[111](201)/(102)
33 HAGB 0.7 + 0.3 0.7 + 0.4 0.7 + 0.1 5.1+ 0.4 1.5+ 0.8 - 0.9+ 0.5
60° [- 111 (143)/(216)
23 HAGB 1.0+ 0.4 0.3+0.2 1.3+0.1 4.8+ 0.3 3.3+1.4 0.13+0.04 0.2+0.1
59° [111](341)/(145)
LAGB 2.3+ 0.5 1.8+ 0.6 0.8 +0.1 3.3+02 3.6+1.8 - 0.6 +0.2
12°[100] (124)/(621)
LAGB 1.1+0.4 56+ 1.5 1+02 3.7+ 0.3 1.9+1.1 0.4 +0.2 2.7 +0.7
12°[104](332)/(131)
LAGB 2.5+ 0.4 0.7 + 0.1 1.4+ 0.1 2.3+0.1 3.2+1.6 0.2+0.1 0.3+0.1
12°[320] (163)/(126)
LAGB 2.8+ 1.4 4.0+ 20 1.3+0.2 5.7 + 0.6 43+26 0.4 +0.2 1.8+ 0.9
14°[412] (536)/(665)

L General HAGB 3.7+15 6.0 +3.7 - 8.0 + 0.9 38+ 1.6 0.2+0.1 1.9+ 0.9

Irradiation @ 400 °C) _ g
51°[221] (250)/(635)

General HAGB 1.940.7 4+1.8 0.44+0.05 3.8+ 0.3 23+1.2 - 2.4+08
60° [525] (045)/(146)

General HAGB 1.0+ 0.2 3.3+0.9 - 3.3+0.2 1.240.7 0.4 +0.2 2.5+ 0.7
60° [525] (651)/(540)

General HAGB 1.5+ 0.4 2.5+ 0.5 1.5+ 0.1 3.6 £ 0.2 27413 0.3+0.1 1.3+0.4
52.5° [223] (164)/(520)

General HAGB 0.5+ 0.4 4.0+ 26 - 3.7 + 0.6 3.1+1.9 0.21-+0.06 0.9+ 0.5
52°[101] (563)/(641)

Notes: “-” means that no clear segregation or depletion is detected.
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Fig. 4. Plot of interfacial excess values of P, C and (Si+Cr+Mo+Ni+Mn) for all the identified GBs under different conditions (reference, thermal ageing and ion

irradiation).

Table 3

The average interfacial excess values (I';, in atoms/nm?) of segregants (P, C, P +
C and Si+Ni+Mn+Cr+Mo) for the identified GBs under different conditions
(reference, thermal ageing and ion irradiation). For each type of GB, the number
of investigated features is given into parenthesis.

GB type I'» Ic Lpic) '(si+crsMo-Ni+Mn)
LAGBs (4) 0.5 1.6 21+ 58+ 1.3
+0.2 +0.6 0.8
General 0.6 4.7 53+ 9.7+ 1.9
Reference HAGBs (7)  + Es 1.5
0.2 1.3
23 HAGBs 0.2 1.1 1.3+ 7.2+1.1
(6) +0.1 +0.5 0.6
LAGBs (2) 1.7 2.3 4.0 + 12.8 + 2.6
+0.4 +1.1 1.5
Thermally-aged General 1.8 2.2 4.0 + 179 + 4.4
(80,000 h HAGB:s (2) + + 1.4
@400 °C) 0.7 0.7
23 HAGBs 0.8 0.5 1.3+ 81+1.7
3) +0.4 +0.3 0.7
LAGBs (4) 2.2 3.0 5.2+ 9.7+ 2.8
Ion-irradiated 07 +11 18
(400 °C) General 1.7 4.0 5.7 + 9.5+ 2.6
HAGB:s (5) + + 2.5
0.6 1.9

time period of 54077 h. Or, if using the experimental segregation level of
0.11, 11668 h is required to reach the 90% equilibrium segregation
value (the bottom curve in Fig. 5). It is suggested that P has probably
reached its equilibrium segregation state after thermal ageing at 400 °C

for 80000 h. For ion-irradiated weld, P seems to require only several
seconds to reach its equilibrium state at 400 °C according to Eq. (5)
adopting a D} value. Along with the fact that the P segregation level (for
the studied LAGBs and general HAGBs) is nearly the same after irradi-
ation as that of the thermally-aged one, it is suggested that P may have
reach the same equilibrium segregation state for both thermally-aged
and ion-irradiated welds at 400 °C. Consequently, a radiation induced
equilibrium segregation, or RES mechanism, could be responsible for the
P segregation behaviour in the ion-irradiated weld. This is different from
the RIS-dominated mechanism reported for some high-dose irradiated
materials [39,55-58]. Under ion irradiation, no clear secondary phases
or solute rich clusters were observed in the studied welds. P segregation
kinetics is accelerated due to supersaturated PDs under irradiation,
however, the mobile complexes of PDs and P atoms are low and the RIS
mechanism may be not favored in the multicomponent system. Besides,
these PDs may also prefer high mutual recombination during migration
in comparison to their annihilation at PD sinks. More detailed discus-
sions on the segregation mechanism, including solute-PD complex
model as well as the inverse Kirkendall model [59,60], could be made
based on extensive experimental results of binary or ternary alloys under
different irradiation conditions.

Thermodynamically, the ternary Fe-P-C model seems to predict a
higher equilibrium segregation level than the experimental one. This
may be attributed to the presence of other alloying elements. The ab-
solute value of Gibbs free energy, AG2°, decreases when the material
complexity increases, which may give an overestimation of equilibrium
P segregation level in such a multicomponent system. Another possible
explanation is that, during data curation for average monolayer P
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Fig. 5. Predictions of intergranular P segregation kinetics as a function of time for the thermally-aged weld (80000h@400 °C). Note that, the 90% equilibrium
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respectively.

segregation, we assumed that the segregated P atoms reside in a single
close-packed (110) plane of a BCC a-iron, underestimating its monolayer
segregation level.

Besides, we have also performed a detailed estimation of equilibrium
P segregation based on binary Fe-P, ternary Fe-P-C and multicomponent
models for the reference weld, as reported in the Supplementary
Document. We calculated the corresponding segregation levels of P,
considering its segregation at both interstitial and substitutional sites. It
is revealed that the Fe-P-C ternary model gives a better estimation (but
also higher than the experimental value), and that the predicted segre-
gation value is also strongly affected by the interaction coefficients in
the multicomponent model. Further research requires careful in-
vestigations on the attractive or repulsive interactions amongst alloying
elements.

5. Conclusion

In the present work, the intergranular solute segregation phenomena
were quantitatively studied by a correlative EBSD/TKD/APT method-
ology in low-alloy steel welds under different conditions, including
reference weld, thermal ageing at 400 °C for 80000 h and ion irradiation
at 400 °C with a dose of about 0.1 dpa. Main conclusions can be made as
follows:

(1) The co-segregation of P, C, Si, Mn, Ni, Cr and Mo appears at all the
studied GBs, amongst which 23 HAGBs present lower interstitial
segregation than general HAGBs. Considering that Si, Cr, Mo, Ni
and Mn prefer substitutional segregation while P and C favour
interstitial segregation, there is a higher average segregation
level in substitutional (Si+Cr+Mo-+Ni+Mn) elements than (P +
C) elements for all the GB types in the reference, thermally-aged
and ion-irradiated welds.

(2) In the present work, under each condition (reference, thermal
ageing or ion irradiation), the studied LAGBs and general HAGBs
share the equivalent average P segregation level. Particularly, in
the misorientation range 8-15°, each LAGB could share a high P
segregation amount as a general HAGB. In future, more research
on P distribution across different types of GB is required to draw

final conclusions. After thermal ageing at 400 °C for 80000 h or
ion irradiation at 400 °C, there is an increased average P segre-
gation for all the studied GB types (LAGBs, £3 HAGBs and general
HAGBS).

Thermodynamic and kinetic calculations seem to reveal a RES
mechanism of P under ion irradiation, in which P has reached the
same equilibrium segregation state as that after thermal ageing at
400 °C. Ternary Fe-P-C model overestimates equilibrium P
segregation level than experimental results.
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