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A B S T R A C T   

Solute segregation in the carbon-depleted (CDZ) heat-affected zone of dissimilar metal welds (DMW) designed 
for nuclear power plant EPRTM reactors has been investigated by atom probe tomography (APT) and related to 
the mechanical properties (toughness test). The analysis of grain boundaries (GBs) by APT allowed the quanti-
fication of the P segregation and other solute elements, in all the analyzed samples, before and after long-term 
ageing heat treatments. The post-weld stress-relief heat treatment applied to the samples before the ageing heat 
treatments leads to important GBs segregation levels. Following thermal ageing treatments allow a relative in-
crease of GB segregation. P segregation increases with the various thermal ageing conditions. The experimental 
data were used to model P segregation in high-angle GBs. The simulations show that P segregation is kinetically 
limited by bulk diffusion, explaining the observed P segregation increase with temperature. P segregation in GBs 
in the CDZ of the DMW should remain low compared to the expected equilibrium segregation level during the 
entire reactor service. In addition to solute segregation in extended defects, APT measurements revealed the 
presence of Cu-rich clusters in GBs, dislocations, and grains in all the aged samples. These clusters were not 
observed in the sample before ageing.   

1. Introduction 

Usually, solute atom segregation on grain boundaries (GBs) affects 
polycrystalline material properties [1]. This segregation may either 
improve or weaken interface cohesion, and therefore the mechanical 
properties depending on the nature of the segregated solute atoms. 
Generally, a well-known example is temper-embrittlement by phos-
phorous segregation at ferrite GBs. In contrast, carbon GB segregation 
improves GB cohesion [2]. Phosphorous GB segregation was reported 
during the thermal ageing of dissimilar metal welds (DMW), and is thus 
suspected to be the cause of intergranular fracture after thermal ageing 
[3–5]. Indeed, a new narrow gap design of DMW for nuclear plants has 
been recently developed. These DMWs are used to join the main com-
ponents of the nuclear island made of low-alloy steel (LAS) with the 
main coolant line pipes made of austenitic stainless steel of type 304L. 
The filler metal used to join both steels is the nickel-based alloy ER Ni- 
Cr-Fe-7 (Inconel 52®), which is deposited using only one pass per layer 
by the gas tungsten arc welding (GTAW) process. Further details about 

the design of these DMWs can be found elsewhere [6,7]. 
During the post-weld stress-relief heat treatment (SRHT) performed 

at 610 ◦C for several hours on these DMWs, carbon migrates from the 
heat affected zone (HAZ) of the LAS to the nickel-based alloy weld metal. 
This leads to the formation of a carbon-depleted zone (CDZ) within the 
HAZ with particular features in terms of microstructure and mechanical 
properties. Such features are due to the dissolution of the majority of the 
carbide precipitates obtained after the quench and temper-treatments 
carried out during the manufacturing process, modifying the original 
bainitic microstructure [3]. Despite these microstructure evolutions of 
the weld joint, an important thermal ageing research program has 
shown that the fracture toughness in the ductile-to-brittle temperature 
domain of testing in the LAS carbon-depleted zone is still satisfactory, 
even at the end of the nuclear reactor design life (60 years), at all 
operating temperatures, including those for the pressurizer (around 
350 ◦C) [3]. However, in order to improve our understanding of thermal 
ageing mechanisms, from a metallurgical point of view, investigations of 
GB properties were also launched. 

* Corresponding author. 
E-mail address: alain.portavoce@im2np.fr (A. Portavoce).  

Contents lists available at ScienceDirect 

Materials & Design 

journal homepage: www.elsevier.com/locate/matdes 

https://doi.org/10.1016/j.matdes.2023.112158 
Received 23 March 2023; Received in revised form 23 June 2023; Accepted 9 July 2023   

mailto:alain.portavoce@im2np.fr
www.sciencedirect.com/science/journal/02641275
https://www.elsevier.com/locate/matdes
https://doi.org/10.1016/j.matdes.2023.112158
https://doi.org/10.1016/j.matdes.2023.112158
https://doi.org/10.1016/j.matdes.2023.112158
http://crossmark.crossref.org/dialog/?doi=10.1016/j.matdes.2023.112158&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Materials & Design 232 (2023) 112158

2

The intergranular embrittlement of the CDZ during long-term ther-
mal ageing treatments is suspected to be mainly due to phosphorous 
segregation at GBs. Indeed, numerous studies [8–13] have linked 
intergranular embrittlement with GB phosphorous segregation. How-
ever, it is well established that elements other than Phosphorus, such as 
Copper, Zinc, Silicon, Sulphur, Oxygen, Nickel, and Manganese, can also 
promote intergranular weakness in iron [2,14]. In contrast, GB segre-
gation of Molybdenum and Carbon is known to improve intergranular 
cohesion. Thus, it is important to know which elements, apart from 
phosphorous, segregate to the GBs in the CDZ, and to quantify their 
segregation. Phosphorous segregation at GBs is often studied using 
Auger electron spectroscopy (AES) on the intergranular surfaces ob-
tained by in-situ GB fracture [15,16]. However, accurate atomic com-
positions are difficult to be obtained with this technique, since the AES 
signal is dependent on many factors, and its best detection limit is 
generally not better than 1 at% [17]. 

In addition, in the case of the CDZ of DMWs, the morphology of 
ferritic GBs is modified due to carbide dissolution and microstructural 
changes which lead to local grain growth, resulting in GBs with jagged 
or irregular shapes. Therefore, sharp intergranular fracture is more 
difficult to achieve, limiting GB composition investigations by AES. 
Atom probe tomography (APT) is more appropriate in this case, allow-
ing for atomic scale quantification of all the solute atoms segregated on 
both, dislocations and grain boundaries [18–20]. 

2. Materials and experimental techniques 

DMW are used in nuclear power plants, in particular for the consti-
tution of the primary circuit, for joining primary pipes made of 
austenitic stainless steel Fig. 1.a. The steels analyzed in this study are 
part of DMW representative mock-ups made of an austenitic steel (304L 
type) and a low-alloy steel (18MND5 type) Fig. 1.b, welded together by a 
nickel-based alloy ER Ni-Cr-Fe-7 (Inconel 52®). 

In this paper, we will only focus on the HAZ of the 18MND5 steel part 
of the weld joint Fig. 1.c. The nominal composition of the LAS studied in 
this paper is indicated in Table 1. 

Two representative mock-ups were welded, namely mock-up MC4 
and mock-up MC-2807. After welding, these two mock-ups were sub-
mitted to a SRHT (610 ◦C for 16 h) aimed for relieving the residual stress 
created in the DMW due to the welding process. This SRHT was followed 
by a furnace in-situ cooling down to 350 ◦C, at a cooling rate of 30 ◦C/h, 
and then to air cooling down to room temperature. Once the SRHT was 
completed, different long-term accelerated thermal ageing treatments 
were applied to blanks taken from the mock-ups. The Table 2 

summarizes the long-term thermal ageing conditions of the five inves-
tigated specimens. 

Samples’ microstructure was studied using scanning electron mi-
croscopy (SEM) in a XL-30 setup from FEI using a beam energy of 5 kV. 
The polycrystalline structure of the investigated LAS region was char-
acterized by Electron backscatter diffraction (EBSD) using an (EDAX) 
Hikari Super camera in a ZEISS Gemini 500 field emission gun SEM. 
Orientation maps were collected using: a 12.34 mm work distance, a 
0.08 µm step size, and a 20 kV voltage. Post-processing was performed 
using the Orientation Imaging Microscopy (OIM) program [21,22]. 

APT volumes of all the samples were acquired using a CAMECA LEAP 
3000XHR setup in electric mode. The analyses were performed at 80 K 
with a pulse rate of 200 kHz. The pulse fraction was set to 20 % and the 
evaporation rate to 0.2 %/pulse. APT sample preparation was carried 
out using a dual beam SEM/FIB FEI Helios NanoLab 600. The samples (i. 
e. tips) were prepared using a standard lift-out method, followed by 
annular milling [23]. The reconstruction mode used to process APT data 
is voltage, with an evaporation field of 33 Vnm− 1 representative of iron. 
The k factor is 3,3. The interfacial excess number (Nex) was determined 
for each of the different species from APT measurements in order to 
quantify their GB segregation. Nex is calculated by integrating the dif-
ference between the local concentration N(z) measured across the 
considered GB and the bulk concentration N∞ measured far from the GB 
(Eq. (1)) [24]. 

Nex =

∫ +L/2

− L/2
(N(z) − N∞ )dz (1) 

The tips were prepared from wedges retrieved in the CDZ, at a dis-
tance between 5 and 15 µm from the 18MND5 LAS/Inconel 52® inter-
face, for the five analyzed specimens. For the MC4-B specimen, tips were 
also prepared from a region located in at 200 µm away from the fusion 
line. 

Fracture toughness tests were carried out with the crack tip precisely 
located in the ferritic HAZ, as close as possible to the fusion line 
(18MND5/ Inconel 52® interface). The tests were done on the sample 
MC4 after the SRHT (MC4–A), and on the sample MC4 aged at T =
400 ◦C for 10000 h [3]. 

3. Results 

The toughness results showed that the ductile–brittle transition 
temperatures were still good (transition temperatures < T = − 100 ◦C) 
after long-term thermal ageing, but a shift in the ductile–brittle transi-
tion temperature of about 30 ◦C was nevertheless observed. The analysis 

Fig. 1. Origin of the studied samples. a) illustration of a nuclear reactor vessel and its connections with the dissimilar weld of the present study [4]; b) Macrograph of 
a section of one of the Narrowgap TIG Alloy 52 DMW of the present study (MC4 mock up) [3]. c) sample extracted from the weld joint presented in b). 
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of the fractured surface revealed that the fracture was of intergranular 
type and occurred in the CDZ of the LAS [3]. These results motivated the 
GB segregation investigation in the CDZ by APT (Section 3.1). 

The microstructure of the sample MC4–A is presented in Fig. 2.a. As 
observed, microstructure changes occurred during the SRHT. First, the 
carbides were dissolved in a bainite region comprised up to a distance of 
100 µm from 18MND5/ Inconel 52® interface. As explained using finite 
volume simulations in a previous work [3], the bainite phase is in 
thermodynamic equilibrium with the Inconel 52® austenitic phase. Due 
to the high temperature (610 ◦C) and the high chromium content of the 
Inconel 52®, the iron carbide precipitates get dissolved, and the carbon 

atoms diffuse toward the 18MND5/Inconel 52® interface to form 
chromium-rich carbide precipitates. 

Second, peculiar morphologies of grains and GBs can be observed in 
the CDZ (Fig. 2.b). The grains are larger and the GBs are irregular. This 
microstructure can be explained by grain growth due to GB free motion 
promoted by the dissolution of the carbides initially pining the GBs in 
the CDZ. EBSD analyses were also carried out in the CDZ of the sample 
MC4–A (Fig. 2.c). The GB disorientation distribution extracted from the 
EBSD analysis is given in Fig. 2.d. As commonly admitted, GBs can be 
categorized into two categories depending on the disorientation angle 
noted θ. Low-angle grain boundaries (LAGB) correspond to θ ≤ 15◦ and 
high-angle grain boundaries (HAGB) correspond to θ > 15◦ [25,26]. In 
the present case, the GB distribution mostly contains HAGBs, the LAGB 
proportion being 40%. 

Furthermore, 50% of these HAGBs exhibit θ > 30◦. This GB distri-
bution is in agreement with the distribution determined by Eghbali [27] 
for plain low-carbon ferritic steel. According to our observations, this 
microstructure is not modified by the different subsequent ageing heat 
treatments. Only the solute atoms’ distributions were affected by the 
investigated long-term thermal ageing. The analyses of these solute 
atom redistributions are presented in the following sections. 

Table 1 
Nominal composition of the low-alloy steel (18MND5 type).   

Fe Mn C Ni Si Mo Cr Cu Al P S Co As 

at.%  96.39  1.48  0.872  0.68  0.413  0.285  0.163  0.086  0.037  0.013  0.01  0.01  0.007 
wt.%  96.63  1.46  0.188  0.712  0.208  0.491  0.152  0.098  0.018  0.007  0.006  0.011  0.01  

Table 2 
Accelerated long-term thermal ageing heat treatments applied on the specimens 
taken from the ferritic side of the DMW representative mock-ups, specimen 
MC4-A was analysed in the initial condition, i.e. after SRHT.   

MC4- 
A 

MC4-B MC-2807 MC4-C MC4-D 

SRHT 610 ◦C/16 h 
Ageing none 350 ◦C/50 

000 h 
400 ◦C/10 
000 h 

400 ◦C/30 
000 h 

450 ◦C/5 
000 h  

Fig. 2. A) sem image of the sample mc4–a. b) zoom on thecarbon depleted zone (CDZ) of the 18MND5 low alloy steel. c) Orientation map of grains obtained by EBSD 
on the same sample. d) GB disorientation angle distribution. 
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3.1. Investigation of the carbon-depleted zone by atom probe tomography 

3.1.1. Solute atom segregation 
In this part, APT results obtained on the CDZ of the five samples are 

presented. Bulk compositions measured by APT in the CDZ show that 
only a very low carbon concentration remains in solid solution (Table 3), 
since a significant amount of carbon atoms dissolved from carbides has 
diffused to the fusion line and to the nickel alloy weld metal to form 
chromium carbide precipitates (Fig. 3a and 3b). 

In order to compare the long-term thermal ageing state of the 
different samples, a criterion considering the effect of both temperature 
and time must be used. Accordingly, solute atom diffusion length (Ld) is 
an interesting parameter [28], since segregation kinetics is diffusion 
dependent, and Ld takes into account both an exponential temperature 
effect and a root-mean-square time effect on atomic transport (Eq. 2 and 
3). The average diffusion length of a given element i, can be calculated 
according to: 

Li
d =

̅̅̅̅̅̅̅̅̅
2Dit

√
(2) 

With Di the diffusion coefficient of the considered element defined 
as: 

Di = Di
0exp

(

−
Qi

RT

)

(3) 

Di
0 and Qi being respectively the diffusion coefficient pre-factor and 

the activation energy. In this work, the values of Di
0 and Qi were 

extracted from the database MOBFE2 [29] included in the software 
DICTRA. The calculated diffusion lengths of the elements of interest are 
presented in Table 4. The values calculated for the sample MC4–A 
correspond to atomic diffusion during the SRHT. For all the other 
samples, the diffusion lengths correspond to the ageing times and ageing 
temperatures indicated in Table 2. Substitutional atom diffusion is 
strongly dependent on temperature in the investigated temperature and 
time ranges, while the effect of temperature is less discriminating for 
interstitial elements such as carbon. The longest C diffusion length is 
found in the sample MC4-C (400 ◦C/30 000 h). 

Fig. 4 presents a reconstructed APT volume containing a GB high-
lighted by C, Mn, Mo, Cr, and P atomic distributions in the CDZ in the 
sample MC4–A (without thermal ageing). In addition to these five ele-
ments presented in this APT volume, Cu and S were also observed to 
have a low segregation level at the analyzed GB (Fig. 3). 

Integrated profiles calculated using equation (1) are presented in 
Fig. 4. Eight elements (C, Mn, Ni, Mo, Cr, Cu, P and S) are found to 
segregate in the analyzed GB. C, Mn, and Mo are the elements exhibiting 
the highest segregation excess in the GB (>2 at nm− 2). For the other 
species, Nex lies between 0.1 and 0.8 at nm− 2. The excess number values 
of all the segregated elements are given in Table 5. 

At least two GBs was analyzed by APT in each aged sample. These 
GBs present both element segregation and phase precipitation. P 
segregation at GBs is shown in Fig. 5.a b c, the evolution of P excess 
segregation versus the ageing order is presented in Fig. 5.d using the 
ageing scale defined in Table 4. P segregation increases slightly ac-
cording to the three ageing order with Ld ≤ 130 nm (Nex ~ 0.7 at.nm− 2). 
However, the P segregation level is multiplied by almost a factor 4 in the 
sample MC4–D (Nex ~ 2.3 at nm− 2) corresponding to Ld ~ 250 nm. This 

segregation increase cannot be attributed to equilibrium segregation, as 
this thermal ageing treatment was performed at the highest temperature 
(450 ◦C), but is probably due to the kinetic limitation of P bulk diffusion. 
The two types of GBs (LAGB and HAGB) were intercepted in the sample 
MC4-C, corresponding to the ageing state 3. The analysis of the LAGB 
intercepted in this sample is presented later in Fig. 7.c with C atoms 
represented by brown dots, highlighting the solute enrichment of the 
regularly spaced edge dislocations composing the LAGB [30,31]. The P 
segregation levels measured in the two GBs are reported in Fig. 5d. As 
expected, the P excess number is smaller in the LAGB (open circle) due to 
the different structure of the two GBs. Furthermore, P was shown to 
segregate in the core of the dislocations in LAGBs [32], which can be 
easily saturated, limiting P segregation. 

For the other segregated solute atoms (Table 5), the behavior is not 
as simple to analyze, probably due to co-segregation effects. For 
example, C and Mn segregation increases with the ageing heat treatment 
order in all the specimens except in the samples MC4-2807 (order 2). 
This decrease could be due to co-segregation effects, but it could also 
suggest that the GB observed in the samples MC4-2807 is actually a 
LAGBs, exhibiting a total excess number of the elements about two times 
smaller than expected (Nex ~ 10.5 at nm− 2). In general, GBs where so-
lute segregation form a plane are considered as HAGBs. This is the case 
for the 2 GBs detected in the samples MC4-2807: the atomic segregation 
distribution in this GB forms a plane as in the case of HAGBs, and no 
dislocation network is observed (Fig. 7). However, one should note that 
for LAGBs exhibiting a disorientation angle higher than 3.5◦ the distance 
between dislocations is smaller than 4 nm, and consequently, the atomic 
segregation distribution also forms a plane in APT volumes. Mo atoms 
segregate on all the analyzed GBs. Cr and S segregate in the samples 
MC4–A, MC4–B and MC4–C but not in the specimens MC-2807 and 
MC4–D. Si atoms segregate in GBs only in the samples MC4–B, MC4–C, 
and MC-2807. Cu GB segregation is very different from the other solute 
atoms. Indeed, Cu GB segregation is only observed in the MC4–A sample 
(before ageing). Cu GB segregation is not observed in the other samples, 
however Cu-rich clusters are observed. Cu precipitation is described in 
the subsequent part of the paper. 

Dislocation lines were also analyzed in another APT volume from the 
sample MC4–C. They are highlighted by Mo iso-concentration-surfaces 
in Fig. 6. The segregation of C, Mn, Si, Ni, Mo, Cr, and P is observed on 
these dislocation lines. These elements are the same as the elements 
segregating in GBs. Da Rosa et al. [33] proposed a method to quantify the 
segregation excess number on dislocation lines (Nex in at nm− 1) from 
APT measurements. This method was applied in the APT volume of the 
sample MC4-C. The segregation excess numbers of the different ele-
ments are presented in Table 6. C, Mn and Mo segregation is signifi-
cantly higher than the segregation of the other elements. 

3.1.2. Solute atom precipitation 
Cu clusters were observed in dislocation lines in all the aged samples, 

in addition to solute segregation (Fig. 6). The identified clusters exhibit 
atomic compositions close to 45 at% of Cu, 10 at% of Mn, 1 at% of Si and 
20 at% of Ni. These clusters were also observed in bulk but mainly in 
GBs, and are richer in Cu, Ni, Si, and Mn atoms (orange Cu iso-concen-
tration in Fig. 7.a, b. These clusters are also present on the LAGB in the 
sample MC4–C as shown in Fig. 7.c. Finally, another class of precipitates 

Table 3 
Bulk compositions measured by APT (at %) in the Carbone depleted zone (CDZ).  

Steels Fe C Mn Si Ni Mo Cr Cu P S Al 

Nominal  95.96  0.87  1.47  0.41  0.67  0.28  0.16  0.09  0.01  0.01  0.04 
MC4-A  96.32  0.04  1.28  0.76  0.86  0.29  0.13  0.03  0.11  0.01  0.03 
MC4-B  96.39  0.02  1.33  0.73  0.81  0.13  0.14  0.03  0.05  0.02  0.01 
MC-2807  96.68  0.01  1.10  0.61  0.77  0.18  0.15  0.02  0.03  0.01  0.03 
MC4-C  96.67  0.04  1.22  0.68  0.80  0.17  0.14  0.03  0.08  0.02  0.01 
MC4-D  96.64  0.07  1.32  0.47  0.91  0.24  0.13  0.04  0.03  0.01  0.04  
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containing Al and N atoms was detected in HAGBs in the sample MC4–D 
(blue iso-concentration surface in Fig. 7.d). These precipitates contain in 
average 40 at% of Al, 30 at% of N, and 13 at% of Mn. It is not surprising 
to find AlN precipitates since Al is used to kill the steel during the steel 
making process. 

In conclusion, the APT results show the presence of clusters in the 
bulk and in extended defects in the CDZ after long-term thermal ageing, 
while no cluster is observed in the sample MC4–A before ageing, 

suggesting that Cu clustering is promoted by ageing heat treatment 
conditions. 

3.1.3. Investigations in the carbone non depleted zone 
The carbon non depleted zone (CNDZ) in the sample MC4-B is 

investigated by APT for comparison with the results obtained in the CDZ 
in the same sample. The CNDZ bulk composition is compared with that 
of the CDZ in Table 7. The two zones have a very similar composition. 

Fig. 3. Same APT volume showing Mn, Mo, C, Cr, P, Cu and S atomic distributions in the carbon depleted zone CDZ of the MC4 –A sample (without thermal ageing).  

Table 4 
Diffusion lengths (nm) calculated for the 5 long-term thermal ageing treatments. For the sample MC4-A, the diffusion length corresponds to the SRHT.   

Order C Mn Si Ni Mo Cr Cu P S 

MC4-A (610 ◦C /16 h) 0 1.3x106 259 148 146 315 103 158 623 1611 
MC4-B (350 ◦C/50 000 h) 1 5.8x106 6.3 1.2 2.2 11.2 0.9 2.8 28.2 63 
MC-2807 (400 ◦C/10000 h) 000 h) 2 4.9x106 19.8 5 7.8 32.1 3.6 9.6 76 176 
MC4-C (400 ◦C/30 000 h) 3 8.5x106 34.4 8.7 13.5 55.6 6.3 16.6 132 305 
MC4-D (450 ◦C/5 000) h) 4 6.1x106 75.5 24.2 33 112 17.3 39.1 253 604  

Fig. 4. Integrated profiles calculated from concentration profiles measured across a GB in the CDZ of the sample MC4-A.  

Table 5 
Average solute excess numbers (at.nm− 2) calculated from APT measurements performed on two different HAGBs for each thermal treatment. The elements are ranked 
from the highest to the lowest diffusion coefficient.  

Steels C Mn Si Ni Mo Cr Cu P S Total 

MC4-A 3.7 ± 1 5.6 ± 0.7 0 0 2 ± 0.1 0.6 ± 0.2 0.2 ± 0.1 0.5 ± 0.1 0.2 ± 0.1 13 ± 2.3 
MC4-B 4 ± 1.2 6.2 ± 0.5 2.6 ± 0.5 1.6 ± 0.5 1.2 ± 0.1 0.67 ± 0.2 0 0.67 ± 0.01 0.25 ± 0.1 17.2 ± 2.2 
MC4-2807 2.1 ± 0.4 4 ± 0.3 1.3 ± 0.5 1.2 ± 0.1 1.1 ± 0.1 0 0 0.84 ± 0.02 0 10.5 ± 1.4 
MC4-C 5 ± 1 7.5 ± 0.5 1 ± 0.2 1.1 ± 0.3 5 ± 0.4 0.6 ± 0.2 0 0.88 ± 0.02 0.25 ± 0.1 20 ± 2.7 
MC4-D 4.4 ± 0.4 7.8 ± 0.6 0 3.6 ± 0.2 2.6 ± 0.3 0 0 2 ± 0.3 0 21 ± 2  
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The carbide precipitate volume density is high in the CNDZ. Thus, it 
is expected that the probability of intercepting a carbide precipitate 
during the tip preparation is high. Fig. 8.a shows a GB intercepted in the 
CNDZ, and Fig. 8.b presents the integrated profiles (Eq. 1) of the 
different segregated elements in this GB (ferrite/ferrite interface). 

Six elements (C, Mn, Si, Ni, P and Mo) are found to significantly 
segregate in the GB, while two other elements (S and Cu) show weak 
segregation. The corresponding segregation excess number values are 
given in Table 8. 

These results show that the total segregation level between the two 
zones (CDZ and CNDZ) is similar, as well as the P excess segregation. 
Nevertheless, the segregation quantities of Ni, Si, and Cr are more sig-
nificant at the GBs in the CDZ compared to the CNDZ. In contrast, Mo 
and C GB segregation is more important in the CNDZ. These differences 
may be related to the different bulk composition as well as carbide 
distribution and density between the two zones. 

The last APT volume presented in this paper shows the atomic dis-
tribution in the vicinity of an isolated dislocation in the CNDZ MC4-B, as 
presented in Fig. 6 in the case of the CDZ in the specimen MC4-C. Cu 
precipitates were also observed in dislocation lines in the CNDZ (Fig. 9). 
These precipitates have the following average composition: 65 at% of 
Cu, 6 at% of Ni, 1 at% of Si, and 7 at% of Mn. In this area, the Cu clusters 
are richer in Cu and less rich in Mn and Ni compared with the same type 
of clusters observed in the CDZ. The composition of the clusters may be 
affected by the different bulk composition between the two zones, but in 
the case of Ni, the higher Ni concentration measured in the clusters 
located in the CDZ is probably linked to the proximity to the Inconel 
weld metal acting as a Ni diffusion source. 

In addition to the presence of the Cu-containing clusters, several 
solute elements are also segregating in the dislocation. The corre-
sponding segregation excess numbers are gathered in Table 9. It can be 
noted that the elements segregating the most are again C, Mo, and Mn, as 
observed in isolated dislocations in the CDZ (Table 6). The total segre-
gation excess at the dislocation lines in this zone is almost comparable to 
the excess measured in the dislocation lines in the CDZ (Table 9). 

Several APT volumes of CNDZ bulk in the sample MC4–B were 
analyzed, and no Cu clusters were observed. This is a noticeable dif-
ference with the results obtained in the CDZ, where Cu-containing 
clusters were observed in the GBs, but mainly at dislocation lines. This 
result suggests that the density of the Cu-containing clusters is higher in 
the CDZ compared with the CNDZ due to the higher density of dislo-
cation in the CDZ. Indeed, the cooling stage to room temperature 
following the welding process leads to the generation of significant 
stress in the region of the low-alloy steel in contact with the deposited 
metal. This is mainly due to the significant thermal gradients generated 
by the welding process as well as the difference in the coefficient of 
thermal expansion between the ferritic steel and the Ni-based alloy weld 
metal [34]. This stress promotes the formation of a high density of 
dislocations in the CDZ region in contact with the fusion line during 
cooling. The SRHT aims to release the stress and to reduce the disloca-
tion density generated during this stage. However, the dislocation 

Fig. 5. APT volumes showing the P distribution in a) the sample MC4–B, b) the sample MC-2807, c) the sample MC4 –D, and d) the P segregation versus ageing using 
the ageing scale defined in Table 4. 

Fig. 6. APT volume measured in the sample MC4–C. Red dots correspond to Mo 
atoms. Mo segregation in dislocation lines is highlighted via blue iso-concen-
tration surfaces, and Cu-rich precipitates are shown using orange iso-concen-
tration surfaces. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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density in the CDZ remains significantly higher than in the CNDZ at the 
end of the SRHT. 

3.2. Modelling phosphorus segregation 

As recalled in the introduction of this article, P segregation to HAGBs 
is considered in the literature to be the main cause of long-term thermal 
ageing embrittlement. Our experiments show an increase of the P excess 
number in the CDZ when increasing the thermal ageing order (see 

Fig. 7. APT volumes showing Cu-containing precipitates highlighted by Cu isoconcentration surfaces (1.5 at%). Brown dots show C atoms in a) the sample MC4–B, b) 
the sample MC-2807, c) the sample MC4–C, and d) the sample MC4–D. The blue volume in (d) corresponds to a 10% Al at isoconcentration-surface. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Table 6 
Segregation excess number (at nm− 1) in the dislocation lines observed in the 
Sample MC4-C.  

Steel C Mn Si Ni Mo Cr P Total 

MC4-C  30 18  2.5  2.2 32 3 3 94  

Table 7 
ATP Bulk compositions (at%) of the carbon no depleted zone (CNDZ) and the carbon depleted zone (CDZ).   

Fe C Mn Si Ni Mo Cr Cu P S Al 

Nominal  95.96  0.87  1.47  0.41  0.67  0.28  0.16  0.09  0.01  0.01  0.04 
MC4-B 

CDZ  

NDNDZ  

96.39  0.02  1.33  0.73  0.81  0.13  0.14  0.03  0.05  0.02  0.01 

MC4-B CNDZ  97.14  0.02  1.13  0.45  0.85  0.15  0.13  0.04  0.03  0.01  0.01  

Fig. 8. APT measurements performed in the CNDZ of the sample MC4–B: a) APT volume showing the P (pink dots) atomic distribution close to a GB, and b) In-
tegrated profiles corresponding to the different elements found to segregate in the same GB. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 

Table 8 
Segregation excess numbers (at.nm− 2) in GBs. The species are ranked from the highest to the lowest diffusion coefficient in the two different zones (CDZ and CNDZ).  

Steel C Mn Si Ni Mo Cr Cu P S Total 

CNDZ 3.4 5  1.3 1  2.2 0 0.2  0.8 0.2 14 
CDZ 4 6  1.7 1.6  1.2 0.7 0  0.7 0,2 16  
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Table 4). However, the amounts of segregated phosphorus remain 
relatively low compared to other solutes (in the range of 0.5 to 2.3 at/ 
nm2). Furthermore, P segregation increases with temperature, which is 
unexpected from an equilibrium viewpoint. To check if this behavior can 
be understood on the basis of reasonable hypotheses, a series of calcu-
lations were performed based on mean-field modelling of the segrega-
tion kinetics. 

The chosen model describes the kinetics of P atoms diffusing from the 
inner grain towards a planar grain boundary, during GB segregation. By 
computing the diffusion profiles of P as a function of time, the P flux 
towards the boundary is integrated, yielding the time evolution of the 
segregated amount. This approach presents the benefits of being 
possibly applied to non-isothermal heat treatments and to consider the 
finite size of the grains. The model is somewhat similar to that of Militzer 
et al. [35], although it relies on the Onsager equation of diffusion instead 
of Fick’s law. The main features are described below. Details can be 
found in [36]. The P diffusion flux in the grain and in the vicinity of the 

boundary is written as: 

J = − M
dμ
dx

(1) 

Where M is the atom mobility, µ is the chemical potential and × is the 
distance to the boundary. Neglecting the P interaction with other solute 
atoms the alloy thermodynamics was approximated to the classical 
regular form: 

μ = kBTln X
1 − X

+ΔGseg (2) 

Where X is the P molar fraction, kB is the Boltzmann constant and T is 
the temperature. ΔGseg is the Gibbs energy of segregation. It is set to zero 
everywhere except at the grain boundary where it is written ΔGseg =

ΔHseg − TΔSseg. This term builds the driving force for segregation and 
ensures McLean’s segregation equation once local equilibrium is 
reached in the vicinity of the GB. The mobility M is related to the 
chemical diffusivity D by: 

M =
D

kBT
X(1 − X)

Vm
(3) 

Where Vm is the molar volume. Diffusion is thermally activated ac-
cording to D = D0exp( − Q/kBT) with D0 the pre-exponential term and Q 
the activation energy. The diffusion-segregation equations above were 
solved by a one-dimensional finite difference scheme, providing the 
diffusion profiles and the P interfacial fraction Xseg as function of time 
for a given thermal treatment. The P excess number at the GB is pro-
portional to the interfacial fraction via the relationship Γ = Xsegl/Vat 

where Vat is the alloy atomic volume and l is the GB thickness. The later 
was set to the width of two {200} planes, i.e. L = 0.29 nm. Accordingly, 
a saturated GB corresponds to an excess of 24.6 at/nm2. 

Full equilibrium between the inner grain and the GB corresponds to 
the case when the diffusion profile is flat across the grain (equal to X∞) 
except at the boundary where it peaks to Xseg. The matter balance is then 
written X0 = X∞ +VatΓ/d where d is the grain size and X0 is the P 
nominal molar fraction. d = 5 µm and X0 = 130 at.ppm in the CDZ. 
Solving the matter balance together with McLean’s equation gives the 
equilibrium excess number. 

The diffusion profiles and P excess were computed as a function of 
time during the SRHT (ageing order 0) followed by the ageing treat-
ments (orders 1, 2, 3, and 4). These treatments correspond to our 
experimental results on HAGBs. The P diffusion coefficient was set as the 
mid-value from the two independent measurements available in the 
literature in ferromagnetic iron [37,38], namely D0 = 138 m2/s and Q =
332 kJ/mol (Fig. 10). 

A good fit to the experimental results was obtained with the 

Fig. 9. APT volume from the CNDZ in the sample MC4-B (red dots correspond 
to Mo atoms). The blue iso-concentration surface shows the Mo segregation in 
the dislocation line, while the orange iso-concentration surfaces show Cu- 
containing precipitates on the dislocation line. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the web version 
of this article.) 

Table 9 
Segregation excess numbers (at nm− 1) in the dislocation line of the specimen 
MC4-B intercepted in the carbon non depleted zone (CNDZ).  

Steel C S P Mo Mn Ni Si Cr Total 

MC4-B 25 2 3 30 16 2  1.5 3  82.5  

Fig. 10. P Diffusion coefficient used in the present study compared to available 
experimental data from Matsuyama [37] and Luckman [38]. 
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optimized segregation parameters Eseg = − 0.55 eV and Sseg = − 0.20 
meV K− 1 (see Fig. 11). These values are at slight variance to the ones of 
Erhart et al. fitted on fully equilibrated GBs in pure Fe-P system (Eseg = −

0.36 eV and Sseg = 0.22 meV K− 1) [39] and those fitted by Druce et al. on 
a quenched and tempered steel (Eseg = − 0.67 eV and Sseg = 0.25 meV 
K− 1) [11], especially for the sign of the segregation entropy. 

The computations confirm the low level of P segregation during 
ageing (Fig. 11.a), although the fitted segregation energy is relatively 
high (− 0.55 eV). According to the model, the P segregation amount is far 
from the value attainable at full equilibrium because of the low diffu-
sivity of P. As a consequence, P segregation exhibits a slight increase 
with ageing temperature, instead of the expected decrease if full equi-
librium was reached after each annealing. One can also note that the 
segregation level (0,65 at.nm− 2) after the SRHT is important after both 
the heating and the cooling stages. The extrapolation of our calculations 
to the target lifetime of the EPR reactor (i.e. 60 years), considering the 
maximum temperature applied to the weld during service (i.e. 350 ◦C), 
leads to an excess of 0.77 at nm− 2 Fig. 11.b. This value is still far from 
the computed equilibrium value of 5.95 at nm− 2. Consequently, the 
present simulations using parameters (D, Eseg, Sseg) extracted from 
experimental measurements show that P HAGB segregation is kineti-
cally limited by P bulk diffusion during ageing and during service. 

4. Discussion 

As already pointed out, the microstructure obtained in the CDZ of the 
HAZ after the SRHT is not modified by the different long-term thermal 
ageing treatments. Consequently, the embrittlement reported in the 
work of Joly et al (2014) cannot be explained by the singular micro-
structure of the HAZ [3]. The mechanism involved with this embrittle-
ment is thus necessarily resulting from atomic redistribution during 
thermal ageing, particularly in the vicinity of extended defects such as 
dislocations and GBs. The thermal ageing effect on the atomic distri-
bution in the CDZ of two DMWs was then studied by APT. This zone 
corresponds to the zone from which tenacity toughness test curves were 
measured. The segregation excess numbers measured here, for different 
thermal ageing conditions, are to the best of the authors’ knowledge, the 
first attempt to establish quantitative information of chemical element 
co-segregation at CDZ GBs that can be used in models such as the 
McLean model for solute element segregation. The quantitative segre-
gation levels in GBs and dislocation lines in five samples were deter-
mined from the APT measurements. The results show that elements such 
as As, Sb, and Sn, which are often cited as contributors to GB embrit-
tlement, were not detected neither in the GBs nor at the dislocations 
analyzed in this work. However, the precipitation of Cu-containing 
clusters was only observed in aged samples, mainly on structural 

defects. Furthermore, AlN precipitates were also observed in the most 
aged sample (MC4–D). However, it is not surprising to find AlN pre-
cipitates in these low alloy steels for which Al is added during steel 
making process to kill the steel. 

The analysis of the sample MC4–A, which only experienced the 
SRHT, shows that GB segregation is already significant before any 
thermal ageing treatment (Table 5). The average diffusion length of the 
different elements (C, Mn, Ni, Mo, Cr, Cu, P, and S) during the SRHT 
(610 ◦C for 16 h) was calculated (Table 4) in order to better evaluate the 
probability of reaching the segregation equilibrium state at GBs before 
ageing and after ageing. The C diffusion length is large enough so that C 
segregation can be at equilibrium whatever the considered heat treat-
ment. However, the diffusion coefficients of substitutional atoms are 
much smaller, and their diffusion lengths are shorter. Nevertheless, 
simple diffusion calculations show that the diffusion length of the 
considered substitutional elements is also sufficient to reach equilibrium 
segregation in each case during the SRHT. For example, a 2 nm-large 
depletion of Mn atoms around GBs is enough to reach the measured Mn 
GB excess number of 5.6 at nm− 2. This distance is significantly small 
compared with the Mn diffusion length Ld = 259 nm allowed during the 
SRHT. Knowing if the segregation has reached equilibrium in the aged 
sample is more complicated. It is well known that the segregation level 
depends on temperature. Indeed, the segregation level decreases when 
temperature increases [18], meaning that GB segregation in the aged 
samples should be higher than that in the sample MC4–A. Nevertheless, 
it is also well known that segregation greatly depends on the nature of 
the GB, and in particular on its disorientation. Considering the tem-
perature effect, GB segregation levels are expected to be the highest at 
350 ◦C (MC4-B sample), which is not the case in the present observa-
tions: the total segregation is more important at 450 ◦C (MC4-D sample) 
than at 350 ◦C (Table 5). Several hypotheses can be invoked to explain 
this atypical behavior. The first one is the kinetic effect: the diffusion 
lengths are too short to reach segregation equilibrium with the heat 
treatment of 50 000 h at 350 ◦C, for example. If we compare the diffu-
sion lengths with the thicknesses around GBs needed to be depleted in 
order to reach the measured segregated values, the results are very 
different from one element to another. For example, the diffusion 
lengths are respectively 3 and 4 times larger than the needed depletion 
thicknesses (respectively 1.9 nm and 2.4 nm) for Mn and Mo. Segrega-
tion could have reached equilibrium for these two elements. On the 
contrary, for other segregated species, the diffusion lengths and the 
needed depletion thicknesses have really close values. Hence these 
species could probably not reach the GB equilibrium state at the end of 
the thermal treatment. 

The effects of temperature and GB structure were mainly evaluated 
in systems for which a single element is segregating [10,40]. However, it 

Fig. 11. P segregation kinetics in HAGBs located in the CDZ. a) Comparison between experimental and simulated excess numbers as a function of the ageing order. 
Two excess numbers measured by APT on two different HAGBs are given for each ageing order (blue solid circles), these data are overlapping for ageing orders 1, 2, 
and 3. The gray curve (solid diamonds) corresponds to equilibrium segregation. b) P excess number computed after the SRHT cooling followed by ageing at 350, 400 
and 450 ◦C. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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is known that interactions between segregated elements exist in complex 
alloys [39,41–43]. These interactions can be attractive or repulsive, and 
the interacting elements can have their equilibrium segregation modi-
fied. For example, our results obtained on the segregation in GBs and in 
dislocations show that Mn-C and Mo-C interactions are clearly attrac-
tive. This is in agreement with the tendency of Mo to form carbide 
precipitates or with the high solubility of Mn in cementite. 

The APT results presented in this paper confirm that P does segregate 
in the GBs of all the analyzed samples. However, simulations using these 
experimental data as input parameters show that P segregation is 
kinetically limited by its bulk diffusion in the studied temperature range 
(below 450 ◦C). Consequently, P equilibrium GB segregation is not 
reached in the samples. The simulations also show that i) Heat treat-
ments applied on the studied materials actually gives the major contri-
bution to P GB segregation, while ii) the long-term thermal ageing 
treatment contribution allow a relatively small increase of the P segre-
gation compared with the SRHT state (less than two times more at 
maximum at 450 ◦C), and iii) this contribution decreases with temper-
ature due to the kinetic regime of segregation. However, even a small 
increase of P excess segregation can influence the enhancement of 
intergranular fracture. Furthermore, simulations of P segregation during 
60 years at the maximum service temperature of 350 ◦C predict that P 
GB segregation in the CDZ heat-affected zone of the DMW should be far 
from equilibrium and should remain low compared with the equilibrium 
segregation level (0.77 at nm− 2, Fig. 11). One can note that the P 
diffusion length corresponding to annealing at 350 ◦C for 60 years is 60 
nm according to the data from DICTRA (Table 4), corresponding to a P 
excess of 1 at.nm− 2 on the GB if the entire amount of P located 60 nm 
around the GB before segregation is located on the GB after ageing, 
considering the P bulk concentration in our material. 

A similar study was carried out on P segregation at grain boundaries 
in the same mock-ups but in the base metal [44]. P segregation at GBs 
was essentially estimated by AES. In this case, the most widely used 
analysis method to quantify the P segregated quantity consists in 
relating the phosphorus AES peak height IP120 to the iron peak height 
IFe703. This ratio, commonly known as the GB coverage ratio, repre-
sents the fraction of GB atomic sites occupied by P atoms. The results of 
Joly et al. show an increase in coverage rates as a function of temper-
ature and ageing time [44]. Indeed, the coverage rate goes from a ratio 
of 0.08 for an ageing at 350 ◦C − 50,000 h (order 1) to 0.11 for ageing at 
400 ◦C − 30,000 h (order 3) and finally to 0.15 for ageing at 400 ◦C −
5000 h. These results are very interesting to compare with the results 
presented in the present work since the ageing conditions are the same 
as in our study. Although the microstructure in the CDZ of DMW differs 
from that of the base metal, the P segregation data measured by APT 
from our study can be compared with those measured by AES (Table 10), 
since the steel composition is similar. P excess in at.nm− 2 measured by 
APT can be converted into a coverage rate, similar to that obtained from 
AES measurements. Indeed, we can consider that the surface concen-
tration of ferritic grains (100) Nex

Fe is: 

Nex
Fe =

2at
a2 = 24, 45 at.nm− 2 with a = 0, 287nm 

With a the ferrite lattice parameter, and the number of atoms present 
in the plane (100) being 2 atoms per surface unit. Knowing the surface 
concentration of the ferritic grains (100), the coverage rate can be 
defined as: 

APT Coverage ratio = Nex
P /Nex

Fe 

With Nex
P the excess measured by APT. 

P/Fe ratios measured at GBs in the CDZ of DMW appear smaller than 
that measured by AES in the base metal. However, the trend of the P 
segregation according to thermal ageing order is similar for the two 
methods. A 3 and 2 times increase of the ratio P/Fe is respectively 
observed by APT and AES between the 1st and the 4th ageing orders. The 
intergranular fracture percentage was shown to increase with the P/Fe 
coverage ratio. However, a P/Fe threshold value between 0.05 and 0.1% 
was shown to exist below which the fracture is not intergranular [45]. 
This P/Fe coverage ratio limit is slightly exceeded for the ageing orders 3 
and 4. However, the thermal ageing temperatures (400 and 450 ◦C) are 
well above the service temperature (320 ◦C) in these cases. 

The P excess number (Table 5) is smaller than that of other solute 
elements, such as Mo, Mn, and Ni. Furthermore, element segregation 
excess variations compared to ageing conditions and resulting me-
chanical properties are not easy to understand if the analysis is only 
based on P segregation. For example, the two samples MC4-C and MC4- 
D present similar tenacity properties, though, P GB segregation is quite 
different in the two samples, with Nex = 0.88 at nm− 2 in the sample 
MC4-C and Nex = 2.3 at nm− 2 in the sample MC4-D. This is also the case 
for the other segregating elements, such as Mo with Nex = 5 at nm− 2 in 
the sample MC4-C and Nex = 2.6 at nm− 2 in the sample MC4-D, for 
example. Furthermore, in the not-aged sample MC4-A Nex = 0.5 at nm− 2 

for P and Nex = 2 at nm− 2 for Mo. Consequently, no obvious link between 
GB segregation and mechanical properties can be observed. 

In addition to solute segregation, clusters were also observed in the 
analyzed GBs in the CDZ of the MC4–B specimen. These precipitates 
enriched with Cu, Mn and Ni, are also observed i) in the bulk of the 
specimens MC4–B and MC-2807, ii) in dislocations in the CDZ of the 
specimen MC4–C, and in the CNDZ of the specimen MC4–B. On the 
contrary, these precipitates are not observed before ageing in the sample 
MC4–A, and after ageing in the sample MC4–D. The Cu solubility in 
ferrite was calculated with Thermo-Calc for 350 ≤ T ≤ 450 ◦C. This 
solubility was found to be between 0.02 at% and 0.05 at%. Those values 
are lower than the Cu bulk nominal concentration of our material, which 
is 0.09 at% (Table 1). Thus, the formation of Cu clusters in the MC4 
samples should indeed be expected. Small angle neutron scattering 
(SANS) measurements [46] already evidenced Cu precipitation at 
500 ◦C in ferritic Fe-Cu, Fe-Cu-Mn and Fe-Cu-Ni alloys. In the two latter 
cases, the precipitates were also shown to contain approximately 25 at% 
of Mn and 25 at% of Ni, respectively. A more recent APT study [47], on a 
ferritic steel containing 1.82 at% of Cu, 2.67 at% of Mn, and 0.51 at% of 
Ni among other elements, evidenced Cu clusters containing 35–42 at% 
of Cu, 7–10 at% of Ni, and 1% Mn, after a heat treatment at 500 ◦C for 1 
h. These results show that Cu clusters can form and are stable in the 
ferrite at least down to 500 ◦C. Furthermore, their absence in the sample 
MC4-A before ageing can be explained by thermodynamic stability. 
Indeed, at 610 ◦C, the Cu solubility is above 0.2 at% [48–50], which is 
higher than our sample bulk Cu composition. Long term ageing is the 
only difference between specimen MC4-A and the other specimens 
presenting Cu-rich clusters. However, before drawing any conclusion 
regarding the possible contribution of Cu-rich clusters in the embrit-
tlement mechanism, more work is required since only one or two grain 
boundaries per specimen have been analyzed. 

The last part of this discussion concerns the comparison of the dec-
arburized and non-decarburized zones. First, the solid solution compo-
sitions of these two zones (Table 7) are nearly the same. This confirms 
the idea that the difference in microstructure observed between the two 
zones may come only from the volume fraction of carbide precipitates. 
In addition, the same bulk composition would mean that the level of 
segregation in equilibrium between GBs and grains is the same in the 
CDZ and the CNDZ. This hypothesis has been confirmed by comparing 
the level of segregation between DZ and NDZ, which shows that the 

Table 10 
Comparison between P/Fe coverage rates measured by two different methods 
(APT and AES).  

Technique Order 1 Order 3 Order 4 

Coverage ratio from APT 0,03 0,04 0,1 
Coverage ratio from AES [44] 0,07 0,1 0,15  
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same elements have segregated in GBs, almost in the same proportions, 
except for Mn and Cr, as these elements are also present in Fe carbides. 
Indeed, Mn- and Cr-rich carbide nucleation and growth on GBs lead to a 
decrease of Mn and Cr concentration in the GBs. In addition, the analysis 
of the segregation levels in dislocation lines in the CDZ of the specimen 
MC4–C and in the CNDZ of specimen MC4–B was also performed. The 
segregation excess concentrations extracted from these two samples are 
gathered in Table 6 and Table 9, respectively. The same chemical ele-
ments segregate equally in both samples at dislocations as well as in GB: 
C, Mn, Si, Ni, Mo, Cr, Cu, P and S. However, a quantitative analysis 
reveals that the elements segregating the most in dislocations and GBs 
are C, Mo, Mn and Ni. Again, GB segregation being roughly the same in 
both the CDZ and the CNDZ, its correlation with the preferential fracture 
in the CDZ highlighted by the analysis of the fractured surfaces is not 
obvious. Other factors, such as grain size [51,52] (bigger size in the 
CDZ) or the proximity with the fusion line (transition zone with different 
mechanical properties), may also play a role in locating the crack 
propagation of tenacity toughness specimens in the CDZ. One can note 
that the density of Cu clusters is significantly higher in the CDZ than in 
the CNDZ. Indeed, our results show that Cu precipitation occurs mainly 
on dislocations and the dislocation density is higher in the CDZ. How-
ever, as already mentioned, more work is needed in order to establish 
the influence of Cu-rich clusters on long-term thermal ageing embrit-
tlement, since only few studies were yet performed on the presence of 
theses precipitates after long-term ageing heat treatment [52–55]. 

5. Conclusion 

APT was used to study GB segregation in the heat affected zone of 
dissimilar metal welds, in order to explain the preferential fracture 
propagation in the CDZ often observed. As expected, Charpy impact tests 
confirm that thermal ageing leads to an embrittlement of the DWM. This 
APT study, focused on GBs segregation in the CDZ of DMW specimens 
before and after thermal ageing, shows that in addition to P, other ele-
ments such as C, S, Mn, Si, Ni, Mo, Cr, and Cu also segregate to GBs, as 
well as to other extended defects such as dislocations. 

The APT results show that the total excess segregation at the GBs 
increases after long-term thermal ageing treatment. In the case of P that 
is considered as the main cause of the HAZ embrittlement under thermal 
ageing, the amount segregated increases with ageing. However, the in-
crease of Mn and Ni segregation that is also known for lowering GB 
cohesion may also play a role on intergranular embrittlement. 
Furthermore, the segregation of other elements, such as Mo and C, 
which can improve GB cohesion is also observed. The contribution of GB 
segregation on mechanical property variations observed before and after 
thermal ageing is not obvious due to the combination of interactions and 
effects of the different solutes. The APT experimental data were used to 
model and simulate P segregation in HAGBs. The simulations not only 
show that P segregation is kinetically limited by bulk diffusion, but also 
that P segregation increases with temperature. The ageing heat treat-
ments allow an increase of P segregation compared with the post heat 
treatment in this kinetic regime of segregation. Furthermore, the simu-
lations predict that P GB segregation in the carbon-depleted heat- 
affected zone of the DMW should remain low compared with the equi-
librium segregation level during the entire EPRTM reactor service. This 
work is a first attempt to quantitatively characterize GB segregation of 
multiple elements. A meaningful and quantitative value such as the 
excess concentration for each segregating element can be used to study 
GB co-segregation. However, more APT work is needed to obtain more 
representative excess concentration values, since only two grain 
boundaries were analyzed in each specimen. In addition to these find-
ings, the APT measurements highlighted the presence of Cu-containing 
clusters in GBs, dislocations, and bulk, only in specimens submitted to 
thermal ageing. These clusters are quite small, with a size between 2 and 
5 nm. Their composition varies between the CDZ and the CNDZ, with a 
Cu composition of 45–70 at%, a Ni composition of 6–20 at%, and a Mn 

composition of 7–10 at%. The presence of these clusters seems to be 
more significant in the CDZ than in the CNDZ. However, the effect of 
these clusters on the material mechanical properties in not clear yet. 
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